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Semiconductor nanocrystals are promising for photovoltaic and thermoelectric 
applications due to the size-tuned electrical, thermal, and optical properties. For example, 
they can be size-tuned to emit and absorb light in a specific wavelength range. Their small 
size also makes multiple exciton generation possible in certain situations. However, their 
device performance is usually limited by the poor charge transport. Tellurium-based 
nanoparticle studies were performed in the form of photovoltaic film research, and later, 
nanocomposite thermoelectrics have been studied.  
First, an array of different CdTe and PbSe nanoparticles were synthesized and 
studied. Next, rapid thermal annealing (RTA) on photovoltaic quantum dot and nanowire 
films were investigated attempting to improve charge transfer. In rapid thermal annealing, 
a sample’s temperature is raised to several hundred degrees under an inert atmosphere, then 
cooled back down again after several seconds. To the best of our knowledge, few such 
treatments of CdTe nanocrystal (NC) films have been documented.  In our experiments, 
the NW films show only a slight improvement in the electrical conductivity, while the QD 
films show none at all.  
xii 
 
To further enhance the electrical transport, we have proposed and carried out laser-
peen sintering (LPS) of CdTe NW films, and we have demonstrated that the film quality 
and charge transfer can be significantly improved while largely maintaining basic particle 
morphology. During the laser peening phase, a shockwave is used to compress the film. 
Laser sintering comprises the second step, where a nanosecond pulse laser beam welds the 
nanowires. Microstructure, morphology, material content, and electrical conductivities of 
the films are characterized before and after treatment. The morphology results show that 
laser peening can decrease porosity and bring nanowires into contact, and pulsed laser 
heating fuses those contacts. The characterization results indicate that solely laser peening 
or sintering can only moderately improve the thin film quality; however, when coupled 
together as laser peen sintering (LPS), the electrical conductivity enhancement is dramatic. 
LPS can decrease resistivity up to a factor of ~10,000, resulting in values on the order of 
~105 Ω-cm in some cases, which is comparable to CdTe thin films. Bismuth Telluride 
nanopowders of different sizes were synthesized via wet chemistry. They were then hot-
pressed into pellets, and thermal conductivities measured as a function of nanoparticle size. 
Room-temperature values are 0.185 W/m·K and 0.23 W/m·K for sizes of 8.4 nm and 14.0 
nm, which show >80% reduction from bulk. We fit the modified effective media 
approximation to this experimental data, and obtained interfacial thermal conductances of 
45 to 64 W/mm2-K for temperatures of 296 to 401 K.  Experiments and simulations show 
thermal conductivity decreases with decreasing particle size, and that low interfacial 
thermal conductance has high impact on these results. 
The effects of ligand levels on the thermoelectric properties of bismuth telluride 
(Bi2Te3) pellets hot-pressed from nanocrystals are investigated. Bi2Te3 nanopowders were 
xiii 
 
synthesized via wet chemistry methods with different amounts of organic ligands 
remaining. The nanopowders were then hot-pressed into bulk pellets—first in air, then in 
an argon environment—and the thermoelectric properties were characterized. The analyses 
performed consisted of XRD, TEM, XPS, density, specific heat capacity, thermal 
conductivity, electrical conductivity, and Seebeck coefficient measurements. Overall we 
found that hydrazine rinsing significantly increases the pellet density by more than 40 
percent, decreases thermal conductivity, and increases electrical conductivity by up to 
greater than 4,000, but does not as greatly affect Seebeck coefficient magnitude (which 
ranges from -88 to roughly -155 µV/K) and instead simply reverses its trend with 
temperature. The best figure of merit at room temperature, ZT, was 0.37 achieved on the 
5x rinsed sample, pressed in air. It represents more than a factor of 18,000 increase from 
the unrinsed sample, and over a factor of 6 increase from the 1x-rinsed sample.  
Finally, we explored effects of various nanoinclusions on Bi2Te3 pellets. So far, the 
thermal and electrical conductivity changes are promising, and we discuss this in our future 
work. 
The wet-synthesis methods used to create the materials are potentially scalable. These 
studies also offer useful insights towards how to engineer the transport properties for 




CHAPTER 1. INTRODUCTION 
Nanoparticles (NPs) have proven to be promising in alternative energy applications 
due to the quantum and classical confinement effects they exhibit. These include multiple 
exciton generation, which allows for increased current density in photovoltaic devices [1]–
[3], as well as energy filtering, which, if optimally designed, can increase a material’s 
Seebeck coefficient and electrical conductivity [4]–[7]. The classical size effect on thermal 
conductivity can lead to reduced thermal conductivity of thermoelectric materials, which 
is desired. Various telluride semiconductor compounds show the best photovoltaic and/or 
thermoelectric properties compared with other materials. In this work, we investigate 
telluride-based nanoparticles and their potential to improve alternative energy applications. 
The two material systems of focus are cadmium telluride nanoparticle-based photovoltaic 
films and bismuth telluride nanoparticle-based thermoelectric pellets.  
1.1 CdTe Nanofilms for Photovoltaics 
1.1.1 Overview 
 The need for inexpensive, efficient energy alternatives is increasing as gas prices 
and energy demands increase. Solar cells help mitigate this problem, but to be more 
effective, the technology must advance. Currently, experimenting with quantum 
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confinement effects of small particles seems to be the next logical step. But first, a brief 
history. 
 
Research on crystalline solar cells began in the mid-twentieth century [8] and 
shifted to thin films in the 1970s [9].  By the 1990s, commercial companies were 
developing thin film-based modules [9].  Meanwhile, nanocrystals (NCs) had been used in 
various manufacturing applications for thousands of years; however, the science behind 
them was not studied significantly until modern times, when figures like Faraday and 
Einstein discussed their unusual behaviors [10]. During the twentieth century, scientists 
came to understand that NCs exhibit the quantum confinement effect, which means that 
the wavelength of light that a particle absorbs or emits depends on its size. Furthermore, a 
NC may be able to generate multiple electron-hole pairs per incoming photon if its diameter 
is close or below the material’s Bohr radius. This is known as multiple exciton generation 
(MEG). 
Scientists imagined the advantages NCs could provide: solar cells that would 
produce at least twice the amount of electricity than current products, flexible panels, etc. 
 







By the end of the twenty-first century, researchers were working on a variety of NC 
materials, like cadmium telluride (CdTe). They had long known that this semi-conductor 
had a band gap comparable to the energy of a solar photon (~1.5 eV), and they wanted to 
test it in nano form. 
At present, commercial companies are using processes like annealing, sintering, 
tempering, and quenching—methods that had been used on bulk metals for centuries—to 
improve bulk and thin PV films. But nanoparticle-based, third-generation solar cells may 
also become an efficient source of energy, and more research in this area must be performed.  
Such films would require little material [11] and could exhibit MEG [3], [12], [13]. 
If a NC film exhibits this, it is producing multiple electrons per photon that hits it. In 
conventional, bulk photovoltaic materials, only one photon removes one electron in the 
material (Figure 1.2, left). This electron may or may not dissipate as heat and fail to reach 
the load. If multiple electrons are released, odds are that more electrons will make it to the 
load (Figure 1.2). The result is a higher-efficiency solar cell film.  
 
Figure 1.2. Left: Photovoltaic effect in a bulk material. Right: PV effect in a 






1.1.2 Motivation Overview 
Many challenges come with NC-based films, however. In pure QD or nanowire 
(NW) films, electrons do not have a conductive medium through which to travel when 
moving from one particle to another. Often, high charge transport is difficult to achieve 
because of NC proximity issues in the film, and because of organic ligands surrounding 
each particle. These ligands are needed in the actual synthesis of the dots, but only hamper 
charge transport once everything is made into a film. Thus, NC films have not been able to 
achieve their full potential.  
Some studies have proven promising, however, demonstrating that various heat 
treatments can improve charge transport [11], [14], [15]. Drndic, et al, showed that 
conventionally (i.e., furnace) annealing CdSe quantum dot (QD) films improved the quality 
and electrical conductivity of the film [15]. Meanwhile, Gur, et. al and Olson et al each 
showed higher efficiencies in nanorod films after heat treatments [11], [14]. Kum et al went 
so far as to show crystallinity improvements on individual CdTe NWs after heating [16].  
A pulsed laser sintering method has even been used in some studies [17]–[19], while a 
simple tungsten halogen lamp source was used to connect silver nanowires in another [20]. 
These studies show that heat-treating nanofilms are promising for PV applications. Despite 
such encouraging results, however, heating a film while maintaining small NC size remains 
a challenge. Heating a film for a very short time window may solve this problem and 




We took some of the previous studies a step further and did a fundamental analysis 
of what RTA and LPS can do for CdTe nanocrystal films. In these studies, we aimed to 
break down ligands and improve crystallinity without significantly increasing particle size. 
We also sought to use innovative, quick methods to heat and sinter CdTe nano-based films 
and observe any improvements.  We look at two different treatments: rapid thermal 
annealing (RTA) and laser peen sintering (LPS). We also look at two different types of 
films: CdTe QD films, and CdTe NW films. The reasons for these choices will be discussed 
in further detail in the respective chapters.  
 We chose CdTe for its band gap value (~1.5 eV), which closely matches the 
average energy of sunlight. The typical efficiency of bulk CdTe in the commercial market 
is 11.7%–and First Solar, which uses CdTe in their PV cells, claims to have reached an 
efficiency of 17.3%—comparable to the silicon solar panels seen in today’s market [21]. 
In these studies, we look at the structural, compositional, electrical and optical effects our 
treatments on pure CdTe films (i.e., not a device). The films are deposited and treated on 
plain glass substrates. In the next few chapters, the synthesis, preparation, treatment, and 





1.2 Bismuth Telluride Nanobulk and Nanocomposites 
1.2.1 Overview 
In light of today’s energy crisis and the desire to find more renewable forms of 
energy, researchers have looked toward thermoelectrics. A thermoelectric is a material that 
develops an electric potential whenever a temperature difference exists across it. Electricity, 
then, can be generated by simply keeping one end of a material cooler than the other. 
The figure of merit ZT is what defines a material’s thermoelectric performance. It 
is equal to the following: 
         (1.1) 
                   
where S is the material’s Seebeck coefficient, σ is its electrical conductivity, T is 
temperature, and κ is its thermal conductivity (κe and κ are the thermal conductivities due 
to electrons and phonons, respectively).  
The electrical conductivity is defined as the following: 
σ = neµ                   (1.2) 
where σ is the electrical conductivity, n is the charge carrier concentration, e is the 
elementary charge of an electron, and µ = electron mobility. 
The thermal conductivity κ, can be described as the following: 
𝜅 = 𝜅𝑙 +  𝜅𝑒                                  (1.3) 
The equation for Seebeck coefficient S is [7]: 


























From Equation (1.1), we can see that it is desirable to increase the Seebeck 
coefficient and electrical conductivity, while simultaneously keeping the thermal 
conductivity low. Higher S and σ often result in higher κ as well, driving down the ZT 
value. The next few paragraphs give detailed explanations about the interplay between 
these factors in nanobulk and nanocomposite materials. 
 
1.2.2 Motivation 
 Nanocomposites have the potential to be excellent thermoelectrics (TEs). This is 
because of a composite’s potential to act as an electron-crystal/phonon-glass, the quality 
required for TEs. This means that they can conduct electricity markedly better than they 
can conduct heat. Such structures may behave as such for many reasons, largely related to 
the following: interfaces and crystal size. These factors have huge impacts on the thermal 
and electrical conductivity. 
 Thermal conductivity is equal to the lattice thermal conductivity plus the electron 
contribution to thermal conductivity, as noted in Equation (1.3). The lattice thermal 
conductivity κl can be expressed as the following [7]:  
𝜅𝑙 =  
1
3
∫ 𝐶(𝜔)𝑣𝑔 Λ 𝑑𝜔
𝜔𝑐
0
                                    (1.5)   
where C is heat capacity, 𝜔 is frequency, 𝜔c is cutoff frequency, and Λ is the mean free 
path of the phonon. Researchers commonly seek to decrease κl by decreasing Λ. Particle 
interfaces do this very well. First of all, these walls prevent the phonon from smoothly 
transporting to the next grain; often, phonons simply “bounce” around their current grain, 
losing energy before moving forward. A rough interface causes even more scattering. If a 
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phonon’s wavelength is much smaller than the interface bumps, it will scatter much more 
(Figure 1.3) [22]. On the other hand, if the interface surface is smooth, the phonons will  
 “skip” over many of the bumps and won’t be scattered as much [22]. 
Second, nanocomposites allow for two (or more) different grain materials to be 
mixed together. Bismuth telluride grains can be mixed with selenium grains, for example. 
This would cause a mismatch from one interface to the other. Regardless of mismatch type 
(acoustic or diffuse), the transmission probability depends on the group velocity of each 
material (see Equations (1.6) and (1.7)) [22]:  
 




𝐷1,3𝐷 (𝜔)            (1.6) 
DMM  =  ∑ 𝑀2(𝜔)𝑝 /[∑ 𝑀1(𝜔) +  ∑ 𝑀2(𝜔)]𝑝𝑝 ;            (1.7) 
where  is the transmission function, 𝜔 is the phonon frequency, M is the number of modes, 
and vg is the group velocity. 
 
 
Figure 1.3. Depiction of phonon scattering, taken from source [22]. Top: a rough 
surface, when the interface bumps are large relative to phonon wavelength. Bottom: A 





This difference in group velocities can result in a lower T,  and so heat flow Q is 
reduced [22] [7]: 
         𝑄 =   
1
2
∫ 𝑀(𝜔)  (𝜔) ℏ𝜔(fBE(T1) −  fBE(T2))dE                      (1.8) 
In this equation, fBE signifies the Bose-Einstein distribution function.  
Another way κl can be decreased is through diffraction. If the grain size or interface 
bumps are “much smaller than the phonon wavelength,” the scattering rate sharply 
increases [22] [7]. For instance, if the Debye approximation is used, the phonon scattering 
rate is on the order of 𝜔4 (also known as Rayleigh scattering) [22]. In contrast, if the same 
phonon does not encounter such small confinement, it may have a scattering rate 
proportional to just 𝜔 [22]. 
Finally, lattice strain can exist between interfaces [22],  because the lattice constant 
of a material is slightly different at the interface than it is throughout the rest of the grain. 
Furthermore, if multiple materials are used, there will be further strain at the interfaces 
because one material at interface 1 could have a markedly different lattice constant from 
the material at interface 2. This “affects the vibrational modes and changes the relaxation 
time” [22] [7].  
The interfaces and size constraints can significantly lower κ in a nanobulk or 
nanocomposite, but one must also make sure that these characteristics do not compromise 
the electrical conductivity, σ. A commonly used option is to tune the nanoparticles so that 
their size is larger than the material’s electron mean free path (Λe), but smaller than the 
phonon mean free path (Λp). This allows the electrons to smoothly travel through each 
crystal, ensuring that the electrical conductivity within each grain remains the same as in 
10 
 
the bulk material. On the bulk nanocomposite scale, it allows for the electrical conductivity 
to be as high as possible (though not as high as a bulk sample, because of interfacial 
resistance and space separation).  The phonons, on the other hand, will not be able to travel 
through their “standard” or bulk mean free path, and so will scatter much more than the 
electrons will (Figure 1. 1.4). Thus, the thermal conductivity will be low compared to bulk 
structures. If the thermal conductivity in a nanocomposite is lowered much more than the 
electrical conductivity σ (compared to the bulk), the figure of merit ZT will increase. The 
advantage of such a nanocomposite, then, is not that its electrical conductivity is higher 




Figure 1.4. Diagram of a (a.) basic bulk nanocomposite; (b.) ideal bulk nanocomposite 
that has been designed to scatter phonons much more than electrons. Image (c.): photo 






This ratio is not the only method for improving ZT.  Another method is to improve 
the Seebeck coefficient, S. Electron confinement, although seemingly a negative aspect, 
can help increase S. If the particles are smaller than the Bohr radius of the material being 
used, quantum confinement can increase the electron density of states vs. Energy slope, as 
illustrated in Figure 1.6 [22]. A true quantum dot would be 0D and give the infinite slopes 
pictured in Figure 1.5; in reality, such small dots yield a steep but finite slope.  If the density 
of states with respect to energy increases, then more electron energies are allowed in that 
energy range, which results in a higher Seebeck coefficient (Equation (1.4)) due to an 
increase in the ∂σ/∂E term. Hicks and Dresselhaus showed this effect via calculations in 
Bi2Te3 quantum well structures [7], [23]. Furthermore, “scattering low energy carriers 
reduces their contribution to the transport properties,” which increases S [7]. Several 
 




groups were able to take advantage of this “energy filtering” in their nanostructures [4]–
[7].   
In other words, electron confinement can also be exploited through interfaces.  
Whereas interfaces tend to impede phonons, several advantageous things may happen to 
the electron: first, it may have high enough energy to overcome the potential barrier caused 
by the interface—i.e., it is in fact, not confined. These high-energy electrons overcome the 
barrier and travel to the next grain [7]. The lower-energy electrons, however, still get 
scattered, because they don’t have enough energy to “hop” over. They get rattled around 




Another possible advantage is that σ may still increase, albeit S not as much. This 
may happen if the lower-energy electrons, after being scattered from one part of the grain 
surface, find lower-energy valleys and travel to the adjacent grains this way [7]. For 
example, if low-energy electrons cannot “hop” to a 1.2 eV Γ-valley waiting for them in the 
next grain, they will scatter. When this happens, they might scatter to a location where a 
lower-energy, 0.4 eV Z-valley is waiting for them on the other side of the interface. Then, 
 
Figure 1.6. Depiction of energy filtering. Figure is from source [7]. In a “low-doped” 
material (a), EF is small, therefore S is small; in a “highly-doped” material (b), ∂σ/∂E 
is small, thus S is again small; if low-energy electrons are scattered, the curve is 




there is no valley obstacle for them to cross, and they can proceed through to the next grain 
(Figure 1.7). 
 
Electrons have yet another opportunity to travel despite interface, via thermionic 
emission. When electrons scatter, their mobility decreases. However, it is possible that the 
kinetic energy becomes thermal energy, which can better serve them in overcoming the 
energy barrier. Initially, an electron’s high kinetic energy may prevent it from crossing the 
interface, because the electron is not traveling in the correct direction (Figure 1.8). 
However, scattering of this electron decreases the “useless” kinetic energy and converts it 
to thermal energy, which allows the electron to break through the energy barrier and travel 
to the next grain (Figure 1.8) [7].  This is known as thermionic current. And because the 
electron’s energy is conserved—albeit in a different form—the Seebeck coefficient 
remains similar [7]. The overall result is an increase in ZT.  
 






In terms of the best material to use, bismuth telluride has proven to be the most promising 
candidate, with a bulk figure of merit (ZT) of ~1 [24]. This high value is due to the adjacent 
Te layers stacked in the c-axis direction, diagramed in Figure 1.9. These layers are bonded 
only by van der Waals forces. The weak bonding slows down phonons but not electrons, 
and therefore the σ/κ ratio along this direction is high [25].  
By combining the thermoelectric advantages arising from small, confined particles, 
and TE properties inherent in Bi2Te3, several groups have gotten close to or exceeded a 
unity ZT value. For example, Harman et al reached a ZT of ~0.9 at 300 K by forming a 
superlattice structure [26]. Poudel et al reached ZT = 1.4 by ball-milling bismuth antimony 
telluride [24]. Simulations have also shown that Bi2Te3 NCs can be even more effective if 
they’re below 10 nm [27].  
 
Figure 1.8. Diagram of Thermionic Emission. Modified from interface diagrams 







In addition to Bi2Te3 nanobulk materials, we also investigated Bi2Te3 and lead 
telluride (PbTe) nanoparticles combined together ino a nanocomposite. Lead telluride has 
also shown to be a promising thermoelectric [28]–[31], and its electrical conductivity is 
similar to Bi2Te3 [32]–[34]. The PbTe particles we synthesized are also very small, which 
could help boost κ without compromising σ too greatly. We hoped to take advantage of the 
lattice mismatch between the two particles, which would lower κ. Any mismatch that 
would affect σ could be counteracted by thermionic emission or scattering to lower-energy  
valleys, and any energy filtering caused by such mismatch would increase |S|. We also 
performed a very preliminary study on Bi2Te3-based pellets with sodium chloride (NaCl) 
inclusions, for similar reasons. 
 






1.2.3 Scope  
We also study Bi2Te3–based nanocomposites because of the excellent results from 
these previous studies. However, it remains difficult to create materials with ZT > 1 that 
are also quick, simple, and inexpensive to synthesize.  Thus, we investigate wet chemistry 
synthesis. This method is significantly faster than ball-milling and simpler than 
superlattices. It is also inexpensive and allows us to attain better shape and size control of 
the particles [35]. 
To validate the idea of creating extra-small particles via wet chemistry, and to better 
help understand the mechanisms causing a low κ in such samples, we combined modified 
effective medium theory (EMA) with experimental results of nanobulk samples 
(CHAPTER 5). We ran simulations and performed experiments on samples made from 
differently-sized particles. This helped us better understand how much the actual size of an 
individual nanoparticle affected κ, and how much the interfacial thermal conductance also 
affected this value.  
Next, we wanted to analyze the effect of ligands on a pure Bi2Te3 nanocomposites. 
When conducting Bi2Te3 synthesis via wet chemistry, organic ligands (which are very 
carbon-heavy) such as oleic acid are required. These ligands remain after synthesis and act 
as insulators surrounding the resulting nanoparticles. They suppress electrical charge 
transport—even after the nanoparticles have been densely compressed together—yet they 
also have significantly lower thermal conductivity than Bi2Te3. We want to find the 
relationship between the rinsing and the residual ligand level, and in turn the transport 
properties, so that we could achieve low κ without decreasing σ or S too greatly. If we 
could do this, it would better help us understand the best rinsing treatments to perform after 
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wet chemistry Bi2Te3 production, and result in an improved thermoelectric than can be 
reproduced on a mass scale. 
We initially conducted our studies by hot-pressing the pellets in air, as the available 
equipment at the time allowed only for this. However, after obtaining samples with higher 
oxidation than desired, we found a hot-press that was located in an inert environment 
(argon). The results of the in-air ligand and argon ligand studies are discussed in 
CHAPTER 6 and CHAPTER 1. 
In our miscellaneous studies (CHAPTER 1), we analyzed nanocomposite samples 
made of both Bi2Te3 and PbTe, as both materials make for promising thermoelectrics. 
Furthermore, small particles of different sizes and interfaces can help heighten ZT, as 
explained in the Motivation section. We mixed different amounts of cubic, PbTe 
nanoparticles in each sample, and compared the results to pure Bi2Te3 nanobulk samples. 




This work will detail the synthesis of various nanoparticles, then delve into two types 
of telluride-based nanoparticle systems: CdTe films and Bi2Te3–based pellets. Although 
the specific applications are different, their broader utilization is the same: alternative 
energy. Both particles have the potential for quantum confinement effects, which can range 
from MEG to energy filtering and energetic particle scattering.  This work has examined 
how different processing conditions can affect electrical and thermal transport properties 
of photovoltaic and thermoelectric nanomaterials. The PV and TE studies concentrate on 
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system performance and the electrical properties of both systems are studied. Furthermore, 
both projects note how the morphology or material content can improve system 
performance: the effects of densifying both systems—RTA or LPSing the CdTe films, and 
rinsing and hot-pressing the Bi2Te3 powders—will be detailed.  The work will also cover 





CHAPTER 2. NANO PARTICLE SYNTHESIS AND PREPARATION FOR PV 
FILMS 
2.1 Abstract 
Different CdTe nanocrystals were formed for the purpose of photovoltaic studies. 
The QDs were less than 5 nm in diameter, while the NWs an average length of ~680 nm 
and diameter of ~40 nm. We also synthesized innovative PbSe shapes that have not been 
heavily explored past the synthesis procedures and individual crystals themselves. These 
shapes consisted of parallelograms, octahedrons, and radially branches nanowires. The 
latter two structures were in fact conglomerates of 5-6 nm crystals. They can potentially be 
used in thermoelectric nanocomposite applications.  
2.2 Introduction 
Nanoparticles have been made for a variety of reasons, from LEDs and solar cells 
to medical applications. Their tunable size makes it possible to manipulate light, allows for 
MEG, and can even target small, dangerous components like cancer cells.  For example, 
size-tuning CdTe NCs means they will have a specific size. This size will determine its 
band gap, which in turn determines what light the crystal absorbs, reflects, and transmits. 
If these NCs are coated onto a solar cell, only useful light will be absorbed, increasing the 
cell’s efficiency.  NCs can also exhibit MEG, which is also useful in solar cells, as 
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described in Section 1.1. Such small particles can also scatter phonons and increase the ZT 
in thermoelectrics, as described in section 1.2. Medically, NCs have the potential to destroy 
cancer cells. The Laboratory of Cellular Oncology at the National Autonomous University 
of Mexico developed NCs that travel directly to cervical cancer cells and destroy the proteins 
necessary to keep them alive [36].  
This cutting-edge work would not have been possible without the researchers who 
studied the mechanisms behind NC synthesis itself. Murray et al’s [37] groundbreaking 
studies on wet-synthesizing Cd-based semiconductor nanocrystals have had great impact. 
In addition to being a fast and inexpensive procedure, it produces high-quality nanocrystals: 
the particles are uniformly-sized and distributed with good crystallinity; they’re very small 
and can exhibit quantum confinement effects; their reactions to outside environments are 
predictable; and the desired size can be attained [37]. This revolutionary work is often used 
in PV and LED studies to guarantee uniform, high-quality NC films, solutions, coatings, 
and much more. Lu et al conducted excellent PbSe NC synthesis research, where shape 
and size versus time and temperature were studied [38].  Shapes including octahedrons and 
“stars” were formed. Tetrahedron-like particles have the potential to give off intense light 
when returning to their ground state, a characteristic that is useful for NC-based LEDs [39]. 
Star-shaped PbSe particles could also produce intense light or be of use in photovoltaics 
[40].  
Our goal is to use these particles in specific projects that only we have explored, 
like Laser Peening and Sintering on CdTe films, for example. To make the PV films, we 
synthesized CdTe quantum dots with Murray et al's [37] method, and later employed Zhang 
et al’s [41] method to make CdTe NWs. We also created octahedron/diamond, 
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parallelogram, and radially branched NW-shaped PbSe crystals for TE nanocomposite 
research. The specifics of the applications will be detailed in subsequent chapters. For now, 
the NC synthesis procedures and morphological results are described.  
2.3 Results and Discussion 
2.3.1 Synthesis of CdTe Quantum Dots 
The quantum dots were made using the method employed by Murray et al [37]. 
What this method entails is the following: create a cadmium precursor with oleic acid and 
octadecene, along with a tellurium (or selenium) precursor containing tri-n-octylphosphine 
(TOP) (Figure 2.1). 
 
 
Figure 2.1. Left: Cd precursor; Right: after the Te precursor has been added to the Cd 







Oleic acid and octadecene help dissolve the cadmium powder. TOP is a ligand that 
helps the tellurium (or selenium) dissolve and is essential in for quantum dot formation 
once it’s combined with the Cd precursor. Furthermore, all ligands help the QDs disperse 
evenly by surrounding each one. This also prevents them from growing too large. Finally, 
these ligands can be rinsed off the QDs more easily than other ligands. Getting rid of these 
insulating ligands after synthesis is necessary for making conductive films. 
2.3.1.1 Rinsing 
 Next, the QD solution is rinsed and put through an ultrasonicator to break apart any 
clumps. During the rinsing process, the QD solution is mixed with hexane so that the dots 
can dissolve and disperse evenly through a solution. Acetone and ethanol are added to aid 
the precipitation process. The rinsed QD solution is then put in a centrifuge. After 
centrifuging, the liquid and larger particles are dumped out. This process is repeated 4-6 
times in order to remove bulky particles and organic ligands. Although the ligands are 
needed in the synthesis process, they surround and insulate the QDs after formation, 
 
 
Figure 2.2. Left: TEM of CdTe QDs [59]. Diameter: ~4 nm. Synthesis: employed 





hindering electrical conductivity in films. Thus, they must be rinsed off before being coated 
onto a film.  
It is important not to rinse a solution too many times, however. Otherwise, the QDs 
will clump together without a ligand barrier. Ultra-sonication mitigates this problem, but 
does not eliminate it. The remainder of the ligands must be rinsed off during dip-coating. 
The resulting QDs can be seen in Figure 2.2. They are about 4 nm in diameter, which is 
smaller than the CdTe Bohr radius of 6.8 nm. They should exhibit quantum confinement 
effects. 
2.3.1.2 Dip-coating 
Next, the QDs are dip-coated onto plain glass substrates. We did not want to use 
ITO or any conductive surface, because our goal is to test solely the CdTe (or CdSe) film, 
not CdTe combined with other conductive materials. Thus, insulating silicon dioxide 
seemed a good choice.  
 The dip-coating process took place under a nitrogen atmosphere to avoid oxidation. 
A clean piece of glass was dunked into the rinsed quantum-dot solution, consisting of QDs 
and hexane, in which the QDs were dissolved. It was left there for one minute so the 
particles could stick to the glass. Next, it was removed, permitted to dry, and then dunked 
into a deionized water & hydrazine hydrate mix. This mixture helped further rinse off 
remaining organic ligands that clung to the QDs. Finally, the substrate was briefly placed 
into acetonitrile, which helps the film stick to the glass. This process was repeated ~14 
times for thick films and repeated about ~5 times for thinner films. 
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2.3.2 Synthesis of CdTe Nanowires 
We synthesized CdTe NWs in a method similar to that of Zhang, et al [41]. Tellurium 
dioxide, polyvinylpyrrolidone (PVP40), ethylene glycol and KOH were mixed to make a 
tellurium precursor. About 0.6 mL of hydrazine hydrate was added. After one hour of 
stirring and heating at 140°C, a cadmium chloride-ethylene glycol mix (Cd precursor) was 
added, along with ~1.2 mL of hydrazine hydrate.  The formula mixed for another hour at 
140°C.  
 
The resulting wires had diameters ranging from of 25-50 nm (average ~40 nm) and 
were 400-900 nm in length (average ~680 nm). All dimensions are larger than the CdTe 
Bohr radius of 6.8 nm, but we aim to decrease the diameter in the future. Furthermore, this 
long aspect ratio is still useful for conductive nanowire network PV films.  
Similarly to the QDs, the wires were precipitated and rinsed in a centrifuge to 
eliminate bulkier particles and organic ligands. During this process, they were rinsed twice 









Unlike TOP, oleic acid, and 1-octadecene, which were used in the QD synthesis, the 
molecular chain structure of ethylene glycol helps shape the CdTe into a long wire, rather 
than suppressing crystal growth in all directions (Figure 2.5) [42].   
The NWs are rinsed similarly to the QDs, but they do not undergo ultrasonication. 
As nanowires, they can break during this process, and we want them to be as long as 
possible. Furthermore, rather than getting rinsed with hexane and ethanol simultaneously 
during the centrifuging process, they are first rinsed/centrifuged with DI water twice, and 
then rinsed/centrifuged with ethanol.  
 After synthesis and rinsing, the wires were coated onto SiO2 substrates so that the 
pure film could be characterized. They were deposited via dip coating under nitrogen, 
similar to the process described in the previous section for the QD films. 
 
Figure 2.4. CdTe NWs at various magnifications [59, 110]. The average diameter was 
~40 nm, and average length was ~ 680 nm. TEM photos courtesy of Liangliang Chen. 






2.3.3 Synthesis of PbSe Nanoparticles 
2.3.3.1 Octahedron/Diamond NCs 
In addition to creating CdTe and CdSe particles for PV-related projects, PbSe NCs 
were synthesized for LED-related research.   
The first unusual shape made with PbSe was an octahedron/diamond layered 
structure, shown in Figure 2.6. This was made similarly to the methods of Lu et al [38]. 
From an LED standpoint, the advantage of these structures is that they may shine more 
brightly as they return to their ground states [39].  
Specifically, these structures can be described as octahedron/diamond layered 
structures that measure about 120 nm from edge to edge, containing a ~200 nm diagonal. 
They are actually comprised of many 3-5 nm PbSe NCs clustered together [38], and so 
should exhibit quantum confinement (The PbSe Bohr radius is 46 nm). To make them, the 
 






following steps were taken: (a) make a Se Precursor: 0.3595g Se + 12ml TOP; (b) heat at 




O + 10ml OA + 30ml 
diphenyl ether; (d) heat at 250 C for 5 min. Inject the Se precursor into the Pb precursor 
and let them each react for 20 minutes.  
 Other than the synthesis itself, there have not been many reports of experimentation 
with this shape [43]. Originally intended for LED research, these particles may be used for 
our Bi2Te3 nanocomposite studies. This idea will be expanded upon in CHAPTER 1, where 
future plans are discussed. 
   
Figure 2.6. Left: PbSe octahedron/diamond layered structures; Center: radially branched 
NWs; Right: PbSe parallelograms. TEM photos courtesy of Liangliang Chen. 
2.3.3.2 Radially Branched Wires 
The next type of PbSe NC synthesized was a radially branched nanowire, originally 
developed by Cho et al [44], and we followed their procedure. These structures are chains 
of star-shaped plates that are about 5 nm thick (Figure 2.6, center).  This is apparent from 
the stray star-like structures and jagged edges of each nano “wire,” identified in Figure 2.7. 
The wires develop this was through “oriented attachment:” the smaller particles connect to 
one another “along identical crystal faces” [44]. 
29 
 
The purpose of synthesizing these particles was simply to experiment. It’s another 
shape that has rarely been explored past synthesis. It is also worth noting that the quantum 
confinement effect may be increased due to the thin height of these plates being exposed; 
that is, each plate is somewhat separated from each other instead of being completely 
melded to form a smooth-surfaced nanowire. In the future, these particles could be used 
for LEDs, PV cells, or other MEG-based technologies. 
To make them, the following steps were taken: (a) make a Se Precursor: 0.0719g Se 
+ 3ml TOP; (b) heat at 200ᵒC for 3 min. Next, (c) make a Pb precursor: 0.345g 
Pb(AC)2·3H2O + 10ml  OA + 6ml diphenyl ether; (d) heat at 250ᵒC for 5 min. Inject the 
Se precursor into the Pb precursor and let them each react for 20 minutes. Finally, (e) 
quench in an ice bath. 
2.3.3.3 Parallelograms 
The third of PbSe nanocrystal made were parallelograms (Figure 2.6, right). These were 
synthesized as follows: (a) make a Se Precursor:  0.0719g Se + 12ml TOP; (b) 200ᵒC for 3 
min. Next, (c) make a Pb precursor: 0.345g Pb(AC)2·3H2O + 2ml  OA + 6ml diphenyl 
ether; (d) heat at 250ᵒC for 5 min. Finally, inject the Se precursor into the Pb precursor and 
allow 20 minutes for the reaction. Then, (e) quench in an ice bath.  
What is interesting about these particles is that unlike in the octahedron structures, the 
opposite sides and angles of each particle are not symmetric. Furthermore, there are stray 
circular particles leftover, with a “split” or “torn” look to them. The center of these particles 
is greater than the PbSe Bohr radius of 46 nm, but its ends taper off to much smaller 
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dimensions. Thus, these structures are interesting not only from an innovation point of view, 
but may also exhibit quantum confinement. 
 
2.4 Conclusion 
We created a range of NC particles for energy-saving applications. Most particles 
are smaller than the material’s Bohr radius or contain features as such. This gives rise to 
quantum confinement effects, which can be useful in both PV and TE applications. The 
recipes were taken from previous works and so the structures are not new, but our 




Figure 2.7. Close-up view of radially-branched PbSe wires. 
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CHAPTER 3. EFFECTS OF RAPID THERMAL PROCESSING ON CDTE NANO 
FILMS FOR PHOTOVOLTAIC APPLICATIONS 
3.1 Abstract 
Effects of rapid thermal annealing (RTA) on photovoltaic, CdTe nanowire (NW) 
and quantum dot (QD) films are investigated. Morphology, material content, and 
conductivity of the films are analyzed before and after treatment using tunneling and 
scanning electron microscopy, EDS, and two-probe measurements, respectively. This 
study provides new knowledge regarding the morphological and structural outcomes of 
CdTe nanoparticle films. We found that RTA partially sinters the NW film, and does not 
visibly change the QD film. The conductive properties remain unchanged in both films 
when tested in the dark, while the photocurrent is slightly improved in the NW film. 
conductive properties. Both films have resistivities on the order of 108 or 109 Ω*cm.  These 
values are comparable, albeit on the higher end, to previously obtained values for thin-film 
CdTe: single crystalline, undoped CdTe resistivity values range from 105 to 108 Ω*cm [45] 
[46], while polycrystalline thin-film values range from 104 to 106 Ω*cm [47], [48] 
 
3.2 Introduction 
The need for alternative energy devices has increased rapidly with increasing 
energy demands over the last few decades. Solar cells are a promising option, with some 
commercial modules reaching efficiencies over 15% [21]. However, many residents still 
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cannot afford these devices. Thus, PV cells must be made more cheaply and have higher 
efficiencies. Films made with nanocrystals (NCs) have the potential to achieve this.  They 
are inexpensive and fast to synthesize, and the raw materials required are also inexpensive. 
Furthermore, the crystals’ small size can lead to multiple exciton generation (MEG), 
meaning that multiple electrons are released per incoming photon. However, these films 
tend to have low electronic conductivity due to insulating chemicals required during 
synthesis, as well as poor NC proximity.  Many studies have shown that heat-treating such 
films can improve their quality [11], [14], [15], [17], [18], [20]. For example, Gur, et. al 
increased the quantum efficiency of CdSe and CdTe nanorod (NR) films by sintering them, 
[14] and Kum et all demonstrated improved crystallinity in individual CdTe NWs after 
annealing them for 6 hours [16].  
One of the studies most relevant to our own was carried out by Drndic et al. Using 
conventional annealing, the group showed that CdSe quantum dot (QD) films decomposed 
the ligands and brought the QDs physically closer to one another without growing in size 
or disrupting the organized fashion in which they had dispersed onto the substrate (Figure 
3.1), increasing charge transport [15].  They attributed this to the decomposition of 
electrically insulating trioctylphospine oxide (TOPO), as well as the improved physical 
QD contact [15].  
The second noticeable result of annealing was increased conductivity. Dark 
currents and photocurrents were increased by a factor of about 100 (Figure 3.2) [15].  
Scientists again attribute this to the decomposition of TOPO during annealing [15].  The 
dots moved closer together when the solvent decomposed, allowing for closer (and 
therefore better) electrical contact [15]. Interestingly, as the TOPO decomposed, its 
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dielectric constant simultaneously increased [15]. Thus, one must take care not to anneal 
too much, or TOPO’s decomposition may lower conductivity [15]. Thus, while organic 
solvents help form high-quality NCs during synthesis, they hamper electron transport from 
and to a crystal by forming an insulating shell or wall around it. Thus, annealing or 
removing these solvents before electrical characterization can be beneficial. 
 




Figure 3.2. Dark(top) and photo (bottom) currents as a function of temperature at 
which samples were annealed.4 I: no annealing; II: 110° C; III: 300° C [15].  







Simultaneously, however, one must be mindful of all materials used so that too much 
annealing is not performed.  
These studies are encouraging, for higher crystallinity and lower ligand levels result 
in lower electrical resistance. However, ensuring that NC size always remains at the 
quantum level during these processes is still difficult. This must be done in order to 
maintain any quantum confinement characteristics. Thus, it is important to decrease ligands 
and increase crystallinity, while simultaneously keeping the NCs small so that electrical 
conductivity is at its optimum level. One heat-treating method of particular interest is rapid 
thermal annealing (RTA). Unlike conventional furnace annealing, RTA involves raising 
the temperature of a substrate’s atmosphere by several hundred degrees in a matter of 
seconds, letting it sit for a few seconds or tens of seconds, then cooling it back to the initial 
temperature. This must all be done under nitrogen or argon in order to avoid film oxidation.  
At the time these studies were conducted, we had not seen this performed on CdTe 
QD or CdTe NW films, which is why it is explored here.  We chose QDs because of their 
ability to form close contact with each other, and because of their potential for the quantum 
confinement effect.  And although this work, much of which is also detailed in Reference 
[59], does not address experiments exhibiting quantum confinement, our tests can be 
considered “proof-of-concept” experiments that can later be applied to films exhibiting 
MEG. We also experimented with NWs because they can provide long, continuous semi-
conducting pathways for electrons, and may exhibit quantum confinement if their 
diameters are below the material’s Bohr radius [49]–[53]. After fabricating the CdTe films, 
we compare the morphology and current densities of the treated and untreated samples. 
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3.3 Rapid Thermal Annealing 
We synthesized CdTe NWs and QDs following the procedures described in 
CHAPTER 2.  The rinsing and dip-coating of each type of particle was also as previously 
described. After a CdTe NW (or QD) film was deposited onto a large glass substrate, 
different sections of this substrate were separated. Some pieces were left untreated, while 
others underwent rapid different rapid thermal annealing (RTA) conditions. The pieces 
were taken from the same NW (or QD) substrate in order to ensure that all data was taken 
from the same film with the same density, quality, age, etc. 
 For treatment, the CdTe dip-coated substrates were placed into an AG Associates 
RTP Minipulse under nitrogen gas. The samples went from room temperature to 350°C in 
under 60 seconds and remained at this high temperature for 12 minutes.  
3.4 Results and Discussion 
 An untreated section/piece of the NW film underwent rapid thermal treatment. It 
was annealed for 2 minutes at 350°C. The before and after SEM images can be seen in 
Figure 3.3. The 350°C section shows that during the RTA process, tellurium-dominant, 
CdTe rod-like chunks formed. EDS data show these chunks have Te:Cd ratios close to 6. 
In contrast, other areas of the film have Te:Cd ratios close to 1, much like the untreated 
film. Any higher current density that could later be deduced from the RTA’d film could be 
attributed to these chunks, which provide quick electron pathways for sections of the film 
that are several microns apart. However, at present these formations provide no advantage.  
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It is apparent that the majority of the NWs in the RTA’d film do not meld together as they 
do in the laser sintering process, which will be discussed in the next chapter. Instead, the 
film retains its foam-like quality of tangled NWs. This would explain why the current 
density does not increase.   shows the resistivity, ρ, of each film. The RTA’d NW is twice 
as resistive as the untreated film. Although this is counterintuitive, given the high error of 
the measurement, it is reasonable to conclude that the treated film and untreated film have 
about the same ρ, and that RTA simply did not change anything significantly. We may 
need to heat for longer times or at higher temperatures. However, increasing to longer times 
approaches the conventional furnace annealing technique, which had been performed 
before. High temperatures are possible, but limited by the melting point of glass, which 
acts as the substrate for these films.   
 RTA was also performed on a CdTe QD film for 1 minute at 350°C. The heating 
time is only half that of the NW case because QDs are much smaller and are more sensitive 
to heat and growth. The resistivity results are shown in . Similar to the NW film, RTA does 
 






not change the electrical properties significantly. EDS analysis does not reveal any changes 
in tellurium, cadmium, or oxygen levels, either. Thus, the lack in resistivity change is likely 
due to using too low of a temperature, or too short of a heating time. Again, we did not 
wish to use conventional annealing with longer heating times, so we felt it best to proceed 
to a different treatment method, which is detailed in the next chapter. We did, however, 
study the photocurrents to see if there were any improvements.  
 
 Figure 3.4 shows the dark and photocurrents of untreated and treated CdTe NW 
films (dark current is the current when the sample is in darkness; photocurrent is simply 
when the sample is exposed to the ambient lab light). All samples are from the same batch 
and therefore underwent the same preparation conditions and have the same thickness. The 
photocurrent for the untreated sample is about 4.5 times greater than the dark current. The 
photocurrent for the RTA’d sample, however, is 10 times greater than its dark current. Thus, 
the RTA may not greatly improve film quality, but any improvements that do occur are 
amplified in the photocurrent. This will have to be studied more in the future. We did not 
stay on this project long, because we moved on to our laser peening and sintering research. 
 
















The synthesis, heat treatment, and characterization of CdTe NW and QD films 
undergoing RTA were described. Morphological, EDS, and electrical analyses were 
performed on the films before and after treatment, and the results were compared. RTA 
forms larger, Te-rich particles on the NW films, while the QD morphology and content 
does not change.  Furthermore, the dark currents of each film type do not change. The 
photocurrent for the NW film, however, does increase slightly.  The dark-current 
resistivities range from 108 to 109 Ω*cm. These values are somewhat higher than thin film 
CdTe values obtained in previous research, but are nevertheless comparable.  Because RTA 
 
 






treatments have very little effect on improving the structure and conductivity of CdTe NW 
and QD films, we felt it best to move onto something more effective. However, some 
advantages of this treatment are that it is inexpensive and quick. If a different material is 
used, it could lead to more efficient, nanofilm photovoltaic devices on a large scale.[1] This 
may be especially true if MEG is employed. 
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CHAPTER 4. CDTE NANOWIRES: LASER PEENING AND SINTERING 
4.1 Introduction 
Highly efficient photovoltaic (PV) cells and batteries are increasingly important as 
energy demands increase, and nanocrystal (NC) films have the potential to alleviate such 
demands. When nanocrystals are very small, multiple exciton generation (MEG) can occur 
due to the quantum confinement effect, and this is desirable for photovoltaic applications 
[54]. Nanocrystals are also promising for lithium-ion battery applications for their 
enormous surface area [55]. However, organic surfactants are usually needed to form high-
quality NCs during synthesis, and they hamper electron and heat transport between 
nanocrystals by forming an insulating shell around them. Such problems hinder them from 
achieving the hypothesized high efficiency or pose significant thermal management 
challenges. Processing methods are needed to improve the nanocrystal contact while 
preventing nanocrystal growth, preserving nanocrystal morphology, and maintaining the 
porous structure of the film.  
Prior studies have indeed demonstrated that heat treatments can improve the thin 
film quality and raise the efficiency [11], [14], [15]. Drndic, et. al annealed CdSe quantum 
dots at various temperatures between 110˚ and 430˚ C, which yielded increased film 
conductivity [15]. They attributed this to the decomposition of electrically insulating 
trioctylphospine oxide (TOPO), as well as the improved physical QD contact [15]. Gur, et. 
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al sintered both CdSe and CdTe nanorod (NR) films, increasing their quantum efficiency 
[14], while Olson, et. al showed higher light absorption and a ~5% power conversion 
efficiency in CdTe nanorod Schottky devices after heating the film to 400°C in a CdCl2 
atmosphere [11].  Another study specifically showed crystallinity improvements on 
individual CdTe nanowires (NWs) [16]. These studies show that heat-treating nanofilms 
are promising for PV applications. However, although high-temperature heat treatments 
vaporize/decompose surfactants, they increase particle size, diminishing a film’s quantum 
confinement effect.  
An alternative treatment is laser-based sintering [45], [56], where the ultrafast 
heating may enhance NC physical contact without significantly affecting the nanoparticle 
size. Surfactants cannot withstand locally high temperatures, and therefore they decompose. 
Simultaneously, NCs do not significantly grow during such a brief time period. They 
remain largely unchanged in size and could maintain their quantum confinement effect. 
Recently, pulsed laser annealing was applied to process colloidal nanocrystal films into 
interconnected nanostructures [17], [18]. However, previous pulsed laser sintering studies 
focused on thin-film CdTe [45] or on NCs at or above the melting point [56], whereas we 
aim to achieve a smaller degree of fusion. Also, electronic transport properties after 
treatments were rarely reported [18],  making it hard to assess the effectiveness of the 
treatments. Several other new nanoscale processing methods have been demonstrated to 
weld nanocrystals while preserving the original size, morphology, and pores. These include 
the plasmonic welding of silver nanowires [20] and lithium-assisted electrochemical 
welding in silicon nanowires [57]. However, the plasmonic mechanism is limited to metal 
nanowires, and the purpose of the film was to act as PV electrodes, rather than the PV film 
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itself [20]. The lithium-assisted approach is limited to the lithium battery environment. It 
is clear that further innovative efforts on processing methods and understanding their 
effects on the electrical transport properties are needed to weld semiconductor nanocrystals.  
In this work, which is also detailed in Reference [110], we take a step further on 
the previous pulsed laser sintering studies and demonstrate that coupled laser peening and 
sintering can achieve high quality nanoporous films. We choose to focus on nanowires 
rather than shorter nanocrystal morphologies because nanowires have larger aspect ratios 
that can provide longer, uninterrupted paths for charge transport. The key innovation of 
our approach is to find out the coupling effect of the two processes, i.e., performing a laser 
peening compaction step followed by pulsed-laser sintering. The films treated under the 
two-step LPS process show two to four orders of magnitude improvement in electrical 
conductivity compared to either laser sintering or laser peening alone. We attribute this 
drastic enhancement to the fact that the laser peening can generate controlled pressure to 
densify the porous thin film and bring non-contacting NWs into good contact; following 
this, pulsed laser sintering locally melts the contact regions and fuses those nanowires 
together. Neither step alone can generate optimum outcomes. One could always use higher 
sintering power to achieve lower resistivity, rather than perform a compression phase 
beforehand. However, such high power will result in the wires completely melting, and the 
general NW morphology and grain boundaries would be lost. This compression phase 
allows the sintering power applied afterwards to be low enough to improve contact through 
grain boundary fusion instead. It provides a new, efficient, and scalable laser processing 
method for fabricating high-quality nanoporous thin films from wet-synthesized colloidal 
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nanocrystals, and it can have broad implications for emerging applications such as 
electronics, photovoltaics, thermoelectrics, battery electrodes, etc. 
4.2 Synthesis and Preparation 
4.2.1 Synthesis 
We first synthesized the NWs using a method similar to that of Zhang, et al [41]. 
Tellurium dioxide, polyvinylpyrrolidone (PVP40), ethylene glycol and KOH were mixed 
to make a tellurium precursor. After one hour of stirring and heating at 140°C, a cadmium 
chloride-ethylene glycol mix (Cd precursor) was added.  The formula mixed for another 
 
 
Figure 4.1. TEM image of CdTe nanowires [110]. The wires were produced using a 
tellurium precursor of TeO2, ethylene glycol, PVP40, and KOH combined with a Cd 
precursor of CdCl2 and ethylene glycol. Average diameter: ~40 nm. Wires range 




hour at 140°C. The resulting wires had diameters ranging from of 25 to 50 nm (average 
~40 nm) and were 400-900 nm in length (average ~675 nm). The wires were precipitated 
and rinsed in a centrifuge twice with deionized water, then twice with ethanol. They were 
deposited onto glass substrates via dip coating under nitrogen.  A TEM image is shown in 
Figure 4.1. The X-ray diffraction data for the wires (Figure 4.2) is similar to JCPDS card 
No. 75–2083, indicating cubic CdTe [41] .  
4.2.2 Laser Peening and Sintering Treatments 
After a CdTe NW film (~5 µm) was uniformly deposited onto a large glass substrate, 
different sections of it were separated. Some pieces underwent treatment at a given pressure 
and/or laser power, while others were left untreated. Each piece (Figure 4.4a (i)) was taken 










with the same density, quality, age, etc. The pressurizing mechanism is illustrated in Figure 
4.4a (ii), and the process is as follows: the substrate is sandwiched between a hard glass 
surface and aluminum foil. On top of the aluminum foil is a confined, black-body absorbing 
material, graphite. On top of this is another piece of glass to confine the entire system. A 
Continuum® SureliteTM YAG laser (wavelength = 1024 nm) is then shot towards the 
graphite, sponge-like pad, which generates plasma (Figure 4.4a (ii)). As the plasma is 
generated, it remains confined between a top layer of glass and the foil. The foil, which 
remains in its solid state, pushes on the film-on-glass-substrate below. In this way, high-
pressure shock waves hit the film and compress it without changing its temperature. The 
laser power determines the heat absorbed by the patch, how much it expands, and therefore 
the pressure it applies to the film [58]. The pressure is applied rapidly, i.e. one 5 ns pulse 
of beam exposure. This is known as laser peening, or laser “shocking.” The resulting film 
is much thinner and denser after this process, as diagrammed in Figure 4.4b (ii). The entire 
film is scanned in this manner, so that all areas are treated uniformly.  
In the laser-sintering process, which is performed after the laser shock process in a 
separate location, the film is sandwiched between two glass slides to keep it in place. The 
top slide is made of quartz, which transmits ultra violet through infrared light. The glass-
covered sample is then placed in a chamber which is purged with N2. The film is then 
radiated by an excimer laser (wavelength of λ = 248 nm; two pulses; pulse duration = 25 
ns). Again, the entire film is scanned so that the whole surface is treated evenly. The laser 
beam size is fixed at 0.5 cm2. During pulse laser heating, the local electromagnetic field 
enhancement is generated around the contacted regions between the nanowires, resulting 
in fusion of the nanowires without completely melting them. It is noted here that both laser 
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shock compaction and pulsed heating are important to the final 3D “connected” NWs 
structure. Only when laser shock compaction brings the NWs into “linked” position, can 
the pulsed heating fuse the NWs together by localized heating without completely melting 
them. When the process is complete, the wires are fused together, as illustrated in Figure 
4.4b (iii). 
4.2.3 E-Beam Evaporation 
After dip-coating and film treatments are complete, some samples were set aside 
for electrical conductivity measurements, and others for XPS, optical measurements, etc. 
We had to separate the electrical-testing samples from the others because these had 
aluminum electrodes deposited onto them.  
E-beam deposition was performed disperse aluminum evenly onto these samples. 
During this process, aluminum is evaporated through a powerful electron beam inside a 
vacuum chamber. The evaporated aluminum then condenses onto cooler surfaces, 
 
Figure 4.3.  Left: Film coated with aluminum and afterwards, silver paint for the 







including the CdTe sample. This process allows tiny aluminum particles to settle deep (at 
least 200 nm) into the film, not just onto the top CdTe particles. This method is preferable 
to manually depositing a conductive paste onto a sample, where paste viscosity does not 
permit it to seep through the pours of the nanofilm. Furthermore, e-beam deposition allows 
one to make precise electrode patterns onto their films through shadow masks (Figure 4.3).  
After the aluminum electrodes are deposited, silver paste is deposited on top of 
them. The paste is necessary for the conductivity testing, which uses probes that would 
otherwise scratch directly into the aluminum electrodes and create extremely high contact 
resistance.  
4.3 Results and Discussion 
4.3.1 SEM and TEM 
 SEM images (Figure 4.4c) show the morphology of a CdTe NW thin film before 
laser treatment (i) [59], after laser peening (400 MPa) (ii) [59] and after both laser peening 
(400 MPa) and laser sintering (iii), respectively. After laser peening, films are compacted 
and denser, but remain very porous. It is the localized heating around the contacting NWs 
during pulsed-laser heating that allows the NWs to fuse together without changing their 
nanoscale geometry (Figure 4.4c, iii).  
Cross-section images were also collected and analyzed, as shown in d.* Totally 
untreated (uncompressed, unsintered) films have thicknesses over 4 µm (Figure 4.4d (i)); 
they contain pores larger than 600 nm, and the wires are not well-connected. On the other 
hand, the same film compressed at 400 MPa reveals a thickness only 1/3 of the untreated 
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sample, with smaller pores (Figure 4.4d (ii)). Finally, a sample from the same film shock-
compressed at 400 MPa and then sintered at 14 mJ/cm2 has the densest structure (Figure 
4.4d (iii)). The pores are even smaller than in the other two cases, as the wires have been 
welded together. The film is slightly thicker than the solely compressed sample’s; this is 
likely because upon treatment, the wire diameters slightly expand from the heat and inflate 
the film.  
To illustrate the wire connections up close, TEM images were taken (Figure 4.4e). 
Initially, the wires overlap but do not show any clear welding (Figure 4.4e (i)). During 
shock-compression, NWs are compressed together, closing gaps and aiding in improved 
NW contact while maintaining their shape and boundaries (Figure 4.4e (ii)). After sintering, 
the wires have welded together and individual boundaries are more difficult to discern; 
however, they are still present and the diameters have not increased substantially (Figure 
4.4e (iii)). A close-up of such welding can be seen in Figure 4.5, where the wires' 
boundaries have melded together. This improved contact contributes to increased charge 
transfer, while such shape retention may promote quantum confinement if these treatments 






Figure 4.4. Detailed schematic of entire laser peen sintering process [59, 110]. (a): 
(i.) NW film is untreated. (ii.) Film undergoes the first stage of processing, the laser 
peen/shock process. The CdTe substrate is placed between another glass surface 
and a sheet of aluminum foil, which is located just beneath a black-body absorbing 
material (graphite). A piece of glass is then put on top of the graphite pad to contain 
it. Next, the laser is shot at the transparent top glass layer in ~ 5 ns pulses. Plasma 
is generated from the graphite pad. In turn, shock waves hit the CdTe film in 
pulses.  (iii.) Film then undergoes sintering in a separate laser facility (b): (i.) 
Solution-deposited nanowire films, where nanowires are wrapped with ligands and 
unconnected; (ii) compressing the film brings the nanowires in better contact; (iii) 
sintering can remove ligands and strongly join nanowires by forming chemical 
bonds between them, while general morphology of nanowires are preserved. (c): 
Top-view SEM images of a CdTe NW film (i.) before any treatment [59]; (ii.) after 
400 MPa has been applied, and no sintering afterwards [59]; (iii.) after 400 MPa 
peening, then sintering with two 25-ns pulses. The density of the film greatly 
increases and porosity decreases. (d): cross-sectional pieces extracted from a film 
during FIB. (i) untreated; (ii) compressed at 400 MPa; (iii) compressed at 400 MPa 
and then sintered at 24 mJ/cm2 with two 25 ns pulses. The film thickness and 
porosity dramatically decrease with treatments. The top coating is platinum, which 
is layered on the film to assist in the FIB process.* (e): TEM images showing the 
NW connections after various treatments. (i.) untreated; (ii.) compressed at 400 
MPa, and no sintering afterwards; (iii.) compressed at 400 MPa and later sintered. 
 
*The FIB procedures used to obtain the cross-sectional images were performed on samples after 
their electrical conductivities were measured. In this way, the platinum and other factors involved in 










Figure 4.5. HRTEM image of NW film sample after compression and sintering [110]. 
The lattices of adjacent wires have welded, yet their diameters have changed little, 
remaining at a range of 25-50 nm. The marked areas indicate welding sites. 
 
Figure 4.6. SEM images of untreated and treated films [110]. Low-magnification view 
of an untreated CdTe NW film (a) and a film that has been compressed at 400 MPa, 







On the macroscale, the wires tend to cluster together and form larger, individual 
groups when sintered, an effect which has been observed in previous film sintering studies 
[60]. The film “tears” as some nanocrystals meld closer to each other and break away from 
others. Had our film been very thin or sparse, this gap formation would have caused a loss 
in connection across the film; however, because our film has a high starting volume fraction, 
the lowest layers of CdTe appear to be less affected by the heat, and they tend to maintain 
the previous structure. The result is that, throughout many areas of the film, upper layers 
form clusters of welded wires while lower, less-treated layers keep a connection between 
these high-conductivity groups (Figure 4.6). Overall, this structure yields much higher 
conductivities than untreated films. How to precisely control gap growth is not covered in 
this work, but is something that shall be studied in the future.  
 
4.3.2 XPS Results 
Element analysis was performed on the samples to ensure that the film did not 
oxidize during treatment. XPS data shows that oxidation (TeO2) is only present on the film 
surface and decreases with film depth for both sintered and unsintered films, shown in 
Figure 4.7. Although there is a difference in the oxidation percentage between sintered and 
unsintered samples, the oxide levels remain well below 10% (molar basis) for both samples. 





Figure 4.7. XPS results on (a) the surface of CdTe film and (b) 100 nm below the 







4.3.3 Comsol Multiphysics® Results 
 The morphology results point to the possibility of junction-specific welding during 
laser sintering. This behavior, if true, is beneficial for forming high quality thin films while 













maintaining the individual particle morphology. To help assess this possibility, we have 
performed electromagnetic modeling with Comsol Multiphysics®. To set the model, a 
Gaussian beam laser was delivered to nanowires with an electrical field of 1 V/m, where 
nanowires suspended in air crossed at ninety degrees touched each other. Each nanowire 
was modeled as having a circular cross-section with a diameter of 40 nm and dielectric 
function taken from References [61] and [62]. It can be seen in Figure 4.8a that the local 
electrical field was concentrated as high as 5.8 V/m near a given junction area, generating 
a “hot spot” at this contact point. In order to further explore the heating process generated 
by these “hot spots,” the heat generation density versus X-axis position was plotted in 
Figure 4.8b. The heat generation density was calculated with the Comsol Multiphysics® 
power loss density, which is determined by multiplying the illumination power density by 
the nanostructure’s absorption coefficient. The majority of heat generation was observed 
around a junction-like area ±10 nm from the contact point, supplying sufficient contact-
specific fusion. Farther away from the contact point, the heat generation density decreases. 





4.3.4 FTIR Results 
To characterize the properties of our thin films, Fourier transform infrared 
spectroscopy (FTIR) was performed on two samples (again, each from the same film): one 
that was sintered and one that was not. The data in Figure 4.9 reveals little difference 
between the sintered and unsintered samples, and that all ligands (represented by CH and 
CO groups), water, and hydrazine hydrate levels (both represented by OH groups) are low 
before as well as after sintering. This indicates that most ligands were washed away during 
the centrifuging and dip-coating processes, which are performed before any treatments. 
Significantly fewer ligands in only the sintered sample would have indicated that ligands 
 
Figure 4.8. Simulation results of the laser sintering process [110]. (a) Laser beam local 
field concentration simulated by Comsol Multiphysics® with a Gaussian 
electromagnetic wave as incident beam on a cross of nanowire junctions. The 
Gaussian beam laser was delivered with an electrical field of 1 V/m to nanowires that 
were suspended in air, touching each other, and crossing at ninety degrees. (b) The 
heat generation density as a function of distance to the contact point, described by the 







had decomposed during the sintering process. It also indicates that most of the hydrazine 
hydrate and water used during such rinsing processes evaporated before any heat 
treatments were performed. Significantly lower OH levels in only the sintered sample 
would have indicated that the laser heat had evaporated the water and hydrazine hydrate. 
Thus, an increase in electrical transport after sintering is likely the result of improved wire 
contact due to increased density and wire melding, rather than the decomposition of 
insulating ligands or evaporation of OH groups. 
 
4.3.5 Electrical Resistivity Characterizations 
4.3.5.1 Experimental Results 
Once each film sample was treated at various conditions and imaged via SEM, 
aluminum electrodes were deposited via thermal evaporation to aid in electrical 
 
Figure 4.9. FTIR absorbance spectra [110]. Spectra for a 400 MPa-compressed, 





conductivity measurements. Thin bands of CdTe were left uncoated so that the conductivity 
could be measured across the channels. Silver paste was dropped onto the electrodes at 
either side of each channel so that the probes of the electrical measurement system would 
not scratch the electrode surfaces. 
The in-plane conductivities at several different parts of each sample were measured 
using a 2-probe configuration. On the untreated samples, resistances were found to linearly 
increase with channel length, indicating low contact resistance between film and electrodes 
and thus little contribution from it to the overall, measured film resistance. The high film 
resistance was confirmed using Van der Pauw measurements, where the film resistance 
across the configuration was too high to be discerned. Thus, any improvements in 
conduction after treatments were due to changes across the film itself rather than lower 
contact resistance. The testing voltage ranged from -2 V to +2 V, and dark currents were 
recorded. Average resistivities for each sample were calculated using the dark current data 
from different locations on each sample, average film thicknesses, and channel lengths.   
To some degree, measured resistivity values (ρ) depend on the film quality and 
testing location. The film is a porous mesh of randomly distributed nanowires, and 
nanowires may be better connected in some areas than others, even after treatment. For this 
reason, multiple areas of each sample were tested, and their dark currents averaged over 
comparatively large channel dimensions. The film thickness of each sample was also 
averaged. The ρ error incorporates the standard deviation of these measurements at 
different locations on a given film. Furthermore, some samples were fabricated at different 
times; however, both were made in the same manner from NW batches synthesized using 
the exact same processes, and so have similar structures. Nevertheless, any error from this 
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is also incorporated into our uncertainty. It is large at 5090%; however, it remains within 
the appropriate order of magnitude that illustrates a vast ρ reduction. Furthermore, the 
spacing between electrodes is large enough to cover a large number of nanowires. 
Therefore, we believe our sample is statistically uniform in the microstructure. 
The effects of compression pressure and sintering energy are shown in Figure 4.10. 
The average resistivity ρ for each sample is graphed vs. the compression pressure. Some 
samples only underwent the compression phase (dark blue circles), while another sample 
underwent only sintering (labeled). The rest were compressed and later sintered. Each of 
these sample’s ρ was compared to the average untreated ρ (all untreated samples had ρ 
values ~ 109 Ω-cm), which is indicated by a star. It is apparent that LPS’d films are much 
more conductive than totally untreated or partially treated films. For instance, samples that 
are compressed and not later sintered exhibit ρ decreases no larger than a factor of 10 from 
the untreated. On the other hand, the sample that was sintered without compression 
beforehand showed a larger improvement of 100, but even this pales in comparison to 
samples that are dually treated (one could heavily increase the sintering power to lower ρ; 
however, this lower ρ would result from the film melting rather than improved NW 
proximity and contact area fusion. As discussed in the Introduction, we do not wish to 
liquefy anything, because the general nanowire-based film morphology would not be 
maintained). The dually treated samples exhibit ρ’s up to 104 times lower than the untreated 
ρ. The vast decrease can be attributed to two factors: (a) the lower porosity and higher 
density of the films, and (b) the way in which the wires are more effectively fused together 
once this density has increased. This allows a continuous pathway for charge while 
maintaining the morphology. 
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It is also clear that higher sintering energies, on average, result in lower ρ’s; 
simultaneously, higher compression values also tend to result in lower ρ’s. This is obvious 
in single-phased treated films (compression only: dark blue circles; sintering only, first 
point on 14 mJ/cm2 curve), but these trends often hold true for dually treated films as well. 
For example, the ρ’s of compressed, 24 mJ/cm2-sintered samples are lower, on average, 
than the ρ’s of compressed, 14 mJ/cm2-sintered samples. Furthermore, ρ decreases with 
higher compression values for the 24 mJ/cm2-sintered film. However, sintering and 
compression trends do not always apply for the dually treated samples. For example, the 
compression trend is not consistent for the 14 mJ/cm2-sintered samples. One would expect 
the 800 MPa-compressed sample to have a lower ρ than the 400 MPa-compressed sample. 
Instead, it is >100 times higher. This is likely due to cracks that formed in the film. We 
saw this on a preliminary sample treated at the same conditions (Figure 4.11, inset) [59]. 
The higher 800 MPa pressure may have fatigued the film, and this fatigue allowed cracks 
to form once the film was sintered; this would explain its higher resistivity [59]. The 24 
mJ/cm2-sintered sample, however, does not have a higher ρ at 800 MPa. This is likely due 
to the following: higher compressions yield thinner films. When such a thin film is sintered, 
it is easier for it to “tear” as nanoparticles distance themselves from some neighbors in 
order to weld to others (Figure 4.6). This cluster-forming fatigues the film and causes 
cracking in various locations. If the sintering power is high enough, however, the stronger 
fusion it creates between wires within the clusters can make up for lost conductivity caused 
by any gaps outside. Thus, any ρ increase caused by cracking is well countered by ρ 
decreases resulting from stronger wire fusion in other locations along the channel. More 
research will need to be performed in this area to understand this balance.  
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Despite some inconsistencies, it is clear that both compression and sintering are 
needed to considerably improve charge transfer and simultaneously maintain film 
morphology. The resulting lower ρ’s are comparable to single and polycrystalline CdTe 
thin films at ~105 Ω-cm [45]–[48], [63]. 
It is also worth mentioning that if NW diameters are < 6 nm before treatment and 
sintering energy is not too high (so that the wires do not completely meld together), the 
wire diameter might not expand beyond the CdTe Bohr radius of 6.8 nm, and the quantum 
confinement effect may be retained. Such treatments would not only yield NW proximity 
improvements, but the crystals would also still exhibit multiple exciton generation and 
 
Figure 4.10. Film resistivity as a function of the pressure that was applied during the 
laser peening phase [110]. Data shown are for samples that are unsintered, sintered at 









therefore enhanced conductivity. Nanowires of such small diameter were not explored in 
this work, but should be studied in the future. 
4.3.5.2 Percolation Theory 
To understand the electrical resistivity data, we performed calculations based on 
the classical percolation theory. In this theory, “sticks” (nanotubes & nanowires) randomly 
distributed throughout an insulating medium adhere to the following relation [64], [65]: 
𝜎  ∝    (𝑁 − 𝑁𝑐)
𝑡                                (4.1) 
where σ is film conductivity, Nc is the minimum wire density (per area for a 2-D film; per 
volume for a 3-D film) required to achieve conductivity from one side to the other, and N 
is the actual wire density within the film [64]–[66]. Often, this wire density is expressed as 
a volume fraction—i.e., the fraction of total volume taken up by nanowires.  Furthermore, 
the effect of wire aspect ratio a = L/d must be considered [67]: 




                           (4.2) 
where ρ is the film resistivity (=1/σ),  is the actual nanowire volume fraction within the 
structure; c is the minimum nanowire volume fraction required to achieve conduction 
from one electrode to the other, and t(a) is the critical exponent, which accounts for the 
structure’s dimension and percolation model type [64], [68]. It is also dependent on the 
aspect ratio a. For hard-core, randomly distributed nanowires of aspect ratio a = 17, this 
value ~ 1.8 [67]. The conductivity constant σo depends on both the resistivity ρnt of the 
individual nanowire material (in our case, CdTe) and the average conductivity between 
wires at intersection sites [69] . It can be estimated from the following equation [67]: 
                                                            σo    
1
𝜌𝑛𝑡  𝑎2−𝑡
                                 (4.3) 
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where t = 1.8 and a = 17 for our network. Assuming that the contact resistance between 
CdTe objects averages ~107 Ω-cm [45]–[48], [63], [69], [70], Equation (4.3) results in a 
theoretical value of 5.7 × 10-8 S/cm.  
According to numerical simulations previously performed by Xue, as well as 
Foygel et al, c is ~0.1 for “soft-core” wires of finite width (i.e., L/d < 100) and aspect ratio 
= 17 [67], [71]. A soft-core wire intersects another by physically passing through it at the 
crossing site. However, our wires are “hard-core” wires. This represents the realistic 
situation where wires overlap each other at intersection points.  To our knowledge, no 
extensive volume fraction studies specific to randomly distributed, hard-core wires exist. 
However, it is known that perfectly aligned, hard-core shapes require c to be no larger 
than 0.16, regardless of aspect ratio [66], [67]. Given that aligned wires typically require 
higher c than randomly oriented wires [66], [67], [72], we can contend that our wires do 
not require c to be larger than 0.16. Indeed, Foygel et al have been able to obtain good 
estimates for hard-core wires with a >> 1. In such cases, c equals the following [67]:  





                 (4.4) 
With an average aspect ratio of a = 17, our c value is ~ 0.035.   In general, fewer 
wires per volume are required for electrode-to-electrode conduction if they are randomly 
oriented, have large a, and have a hard-core structure [66], [67], [71], [72]. 
This information can explain our resistivity results. To find  for our samples, we 
used ImageJ software [73]  to analyze the top and cross-sectional views of the untreated 
section and estimated the average nanowire density per area.  We considered the fact that 
such images are only 2-D, and from this, estimated the starting volume fraction to be ~ 0.1. 
From this, we calculated the volume fraction of treated sections by looking at those film 
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thicknesses and comparing them to the untreated thickness. Although these  values are 
just estimates, it is obvious that each value is much greater than the required volume 
fraction of c ~ 0.035 needed for electrode-to-electrode conduction. This explains how we 
are able to achieve conduction through the channel even before any treatments.  
In order to compare our results to theory, we first looked at films that were solely 
compressed and unsintered. The  value increases from 0.1 up to ~0.4 for a film treated at 
800 MPa.  These values, along with t = 1.8, a = 17, c = 0.035, and σ0 = 5.7 x 10-8 S/cm 
were plugged into Equation (4.2) to obtain the theoretical ρ values for compressed but 
unsintered films, shown in Figure 4.11 (blue circles, dotted). We then plotted them 
alongside the actual ρ results (blue circles, solid) for comparison. Each result is within an 
order of magnitude of the theoretical value, and thus our compression results reasonably 
reflect percolation theory applied with the known constants. 
Equation (4.2) also explains why the resistivity decreases so dramatically with 
treatment:  increases with compression. Meanwhile, c remains at ~ 0.035. The increasing 
difference, Δ,  between the two values is then taken to a power of -t, which remains 
unchanged at ~ -1.8 [67]. Thus, ρ decreases exponentially as Δ increases, and Δ increases 
with progressive treatments. The theoretical values of the 14 mJ/cm2-sintered samples were 
also estimated. This time, we used a different value for σ0. Once the wires are heated and 
their surfaces begin melding together, the wires can no longer be considered “hard-core.” 
Rather, they are something in between hard and soft wires. In this case, σ0  should take on 
a larger value because the contact resistance between wires is smaller. We understand that 
the wires are not completely melting together to form bulk CdTe.  However, at the points 
of intersection, where the wires are fused together, we approximate no contact resistance. 
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Thus, an estimation of bulk CdTe resistivity at these junctions is used. The bulk value used 
was on the order of 104 Ω-cm, the lowest resistivity we could find for polycrystalline bulk 
CdTe thin films [47]. This lowered the ρnt value from 107 in the unsintered cases to 104 for 
the sintered cases. Thus, the σ0 value increased from   5.7 x 10-8 S/cm to 5.7 x 10-5 S/cm. 
Furthermore, because the wires are somewhat soft and do not completely overlap each 
other anymore, we decreased the required volume fraction c from 0.0353 to 0.001, based 
on Foygel et al’s assessments [67]. These changes in constants led to a decrease in the 
overall theoretical ρ values given by Equation (4.2) which are mapped in Figure 4.11 
(orange diamonds, dotted).  
Resistivities for most of these samples compare well with theoretical numbers, 
differing by less than an order of magnitude. The 800 MPa, 14 mJ/cm2 sample, however, 
exhibits a much higher ρ than what theory predicts. This is likely because of cracks that 
formed in the sample (inset of Figure 4.11), which theory does not account for.  
Overall, our results match well with percolation theory, and we feel it is an 
appropriate way to predict the resistivities of our films. There is certainly error involved in 





Figure 4.11. Measured film resistivity compared with theoretical resistivity, as a 
function of pressure applied during the laser peening phase [110]: Measured 
resistivity values and theoretical values based on percolation theory are shown. For 
clarity, values are shown only for the unsintered and 14 mJ/cm2-sintered samples. The 
volume fraction  is shown next to some data points to convey the increase in this 
value as the compression pressure increases. The inset image [59] shows the cracks 
that were found in an 800 MPa compressed, 14 mJ/cm2-sintered film [59]. This 
indicates that the high compression may cause fatigue in the film. This fatigue may 
cause the film to crack once it is sintered [59], [68]. These cracks may be the reason 









 The transmission and reflectivity spectra of samples are measured using a Lambda 
950 monochromator, similar to the one depicted in Figure 4.12. A white light beam is 
collimated and hits a set of diffraction gratings. The light bouncing off the diffraction 
gratings is then focused and hits a sample. The diffraction gratings rotate very slowly in 
order to send out only one wavelength at a time toward the sample. During reflectivity 
measurements, this monochromatic light bounces off the sample and hits a detector, which 
records the light intensity at that λ. The computer compares the recorded intensity to the 
reflectivity calibration data. During transmission measurements, light is shone directly 
through a sample at each wavelength. The detector on the other side measures the 
attenuation in the beam. It compares the intensity values to the calibration intensity values, 
which were recorded before the sample was placed in the beam’s path. The absorption 
spectra can be calculated using the radiation balance equation: 
        αλ + τλ + ρλ = 1      (4.5) 
 
 
Figure 4.12. Left: A sample monochromator, similar to the Lambda 950 system used 





where the subscript λ signifies that property’s value at a given wavelength. 
The film absorption properties were studied as a function of sintering power. Set 1, 
compressed at 800 MPa, shows a ~20% decrease in absorption after compression, 
regardless of the sintering power used afterwards, shown in Figure 4.13 (top). This is 
largely because both compression and sintering increase the reflectivity of the 
particles.£ This enhanced reflectivity is even visible to the naked eye.£ The 400 MPa-
compressed Set 2, on the other hand, shows a decrease in absorption for 7 mJ/cm2 sintering 
power and an increase for 24 mJ/cm2 (Figure 4.13, bottom). The heightened absorption 
may simply be an outlier; after all, a 400 MPa compression will not necessarily have as 
much of an impact as an 800 MPa compression when combined with sintering. Several 


















The synthesis, treatment, and characterization of CdTe NW films undergoing 
coupled laser peening and sintering were described. Morphological, spectral, electrical, and 
optical analyses were performed on the films before and after treatment, and the results 
were compared. LPS results in denser, better-connected CdTe films with resistivities up to 
10,000x smaller, as well as lower absorptivities, and it is vastly more effective than pure 
compression or pure sintering treatments alone. The multiphysics simulations that couple 
electromagnetic (EM) and heat transfer modules demonstrate that during pulsed laser 
heating, local EM field enhancement is generated specifically around the contact areas 
between two semiconductor nanowires, producing localized heating. Percolation theory 
has been used to mathematically explain our resistivity results in terms of film density. 
When used on films with particles exhibiting MEG, LPS could yield even higher 
improvements than currently demonstrated. Furthermore, LPS is advantageous because the 
added shock-compression phase before sintering only adds a few minutes to the processing. 
The entire film treatment is much quicker than typical furnace annealing processes (saving 
time), which can take up to several hours.  
This work has shown the fundamental mechanism of LPS and analyzed the 
resulting compact nanowires network on the electrical properties of the CdTe NW films. 
The method demonstrates much improvement in electrical properties and has the potential 
to benefit the development of high quality, solution-synthesized and nanomaterial-based 
electro-optical devices in the future.
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CHAPTER 5. THERMAL CONDUCTIVITY OF BISMUTH TELLURIDE 
NANOBULK FROM SOLUTION-SYNTHESIZED ULTRA-SMALL 
NANOPARTICLES 
5.1 Introduction 
The desire to find more renewable forms of energy has led researchers to study 
thermoelectrics. The figure of merit, ZT, defines a material’s thermoelectric performance: 
       𝑍𝑇 =
𝑆2𝜎𝑇
𝜅
                    (5.1) 
where S is the material’s Seebeck coefficient, σ is its electrical conductivity, T is 
temperature, and κ is its thermal conductivity. It is desirable to increase the Seebeck 
coefficient and electrical conductivity while simultaneously keeping κ low. This is difficult, 
as higher S and σ often result in higher κ as well. Bismuth Telluride (Bi2Te3) has proven 
to be the most promising candidate for thermoelectrics at room temperature, with a bulk 
figure of merit (ZT) of ~1 [24], [25]. Recently, nanostructures have been used as an 
effective approach to lower thermal conductivity without greatly affecting electrical 
conductivity, enhancing ZT [26]. Poudel, et al used the ball-milling approach to produce 
nanopowders and hot pressed them into bismuth-antimony-telluride bulk nanocomposites, 
and obtained a ZT value of 1.2 at room temperature [24].  This nanostructured bulk 
approach is one of the most promising forms of future thermoelectrics, due to confinement 




emission [7], [22], [23], [74]. Furthermore, this approach is more scalable than superlattice 
structures. 
One way to potentially further improve ZT is by using even smaller particles than 
those from ball milling. In fact, wet chemistry synthesis can produce nanoparticles down 
to ~5 nm [35], which is much smaller than the average size of ~20 nm produced by ball 
milling [24]. By controlling the reaction temperature and time, it can also yield 2D flakes 
of several nanometers thick [35]. Because phonons with mean free path (Λp) smaller than 
8 nm contribute more than 50% of the thermal conductivity in Bi2Te3 [27], it is crucial to 
obtain sub-10 nm nanoparticles to see strong size effect of lattice thermal conductivity. 
Furthermore, from a production perspective, wet synthesis is fast and has a greater potential 
for mass production.  
In this chapter, we investigate the thermal conductivity as a function of varying 
particle size. We first discuss the experimental methods and tests performed to acquire κ 
for pellets made from varying particle sizes. We then discuss the theory and simulations 
used to obtain the interfacial thermal conductance, G, and the subsequent theoretical κ 
values for pellets of additional particle sizes. 
 
5.2 Materials and Methods 
 The Bi2Te3 nanoparticles were made using wet chemistry synthesis. Bismuth (III) 
acetate, oleic acid, and 1-octadecene were used for the bismuth precursor; a tellurium 
precursor of tellurium and tri-n-octylphosphine was added to the bismuth mixture (for the 
first batch, the reaction temperature was 50ᵒC, and for the second, it was 70ᵒC) and allowed 




rinsed with hexane and ethanol in a centrifuge for three cycles and were then rinsed in 
ethanol twice for at least 90 minutes on a stirring plate in order to remove ligands. This 
was followed by two rinses of each batch with hydrazine, which further stripped organic 
ligands from the sample. After that, the samples were left to dry overnight. Each batch was 
then sifted and placed into a die, where it was hot-pressed at 298 MPa and 422 K for over 
30 minutes. Each was left to cool overnight at this pressure, and the pellet was subsequently 
removed with a hand press (Figure 5.1, inset).  
 
5.3 Results and Discussion 
The nanoparticle grain sizes in the two resulting pellets were measured using a 
Bruker D8 X-Ray diffraction (XRD) machine. The average particle size was calculated 




                              (5.2) 
where τ is the average particle size, K is the shape factor (~1), λ is the X-ray wavelength, 
and 𝜃 is the full width at half maximum. Although the Williamson-Hall, Rietveld, and 
Warren-Averbach methods are commonly regarded as more accurate [75], [76], the 
Williamson-Hall method shows anisotropic grain growth for our samples, failing to yield 
data close to a straight line (see Figure 5.2). TEM images from previous analysis of such 
particles [35] also show that our particles do not grow isotropically. Generally, such 
methods require isotropic crystals in order to be accurate [77], [78], and/or they also require 




rely instead on the Scherrer equation, where grain isotropy is not required but we still gain 
rough estimates that are better suited to estimate our average particle size [77], [78]. In  
Table 5.1 below, the estimated dimension at each peak using the Scherrer equation is 






Figure 5.1. XRD patterns for Bi2Te3 pellets made from 8.4 nm and 14.0 nm-sized 









After pressing, the average particle diameter of the first pellet was 8.4 nm, and the 
average particle diameter of the second batch was 14 nm (Figure 5.1). Pellet densities were 
 






measured using the Archimedes method, and they were found to be roughly ~74% of bulk 
Bi2Te3. Finally, the thermal conductivity κ was measured with the laser flash method on a 
Netzsch LFA457 system. Figure 5.3 shows κ for the two different nanobulk samples (solid 
black data. The other sets of data shown in this figure will be discussed later). The different 
particle size results from different reaction temperatures during wet synthesis, as the actual 
hot-pressing conditions are identical for both. The pellet κ values at room temperature are 
0.185 W/m·K and 0.23 W/m·K, for the 8.4 nm and 14 nm particle-based pellets, 
respectively, representing more than 80% reduction from the bulk Bi2Te3 value. 
Furthermore, κ of each pellet increases with increasing temperature.  
 
 
Table 5.1. Calculated grain size using the Scherrer method for each sample, based on 







The thermal conductivity reduction can be attributed to several factors: the 
nanobulk samples were not fully dense; the particle size was smaller than the mean free 
path of some phonons; and the interfacial thermal resistance between particles impedes 
thermal transport. 
To explain these trends more quantitatively, the modified effective medium 
approximation (EMA) is used, because it is more accurate than regular EMA by taking into 
account both interfacial resistance and grain size effects [80]. Previous EMA models have 
 
Figure 5.3. Measured and modeled κ values for pellets made with particles of varying 
size. Measured κ values (solid black shapes) of two hot-pressed pellets resulting in 8.4 
nm and 14 nm nanoparticles, respectively. The modeling results with interfacial 
resistances (dashed curves with hollow shapes) can fit the experimental data well. 
However, those without interfacial resistance (IFR) (dotted data with hollow shapes) 














been utilized by experiments to retrieve properties that are unlikely to be measured directly, 
such as interfacial resistance [81]–[83]. However, restrictions on pellet κ due to the particle 
size itself (i.e., if the particle size is close to or smaller than the Λp, high interfacial phonon 
scattering within an individual particle results in a lower particle κ than the particle’s bulk 
counterpart) [80] were not considered.  
More detailed models like the granular effective medium approximation (GEMA) 
consider additional factors like irregular particle and pore shape, cluster parameters, 
particle orientation, and mechanical strain between particles [84]–[86]. We are interested 
in applying our studies to the GEMA in the future, however, for this study we desired to 
expand upon the modified EMA, a quick and simple method which yields accurate results 
for many structures, despite limitations [80].  We wanted to further study the crucial 
consideration of nano-scale particle size effect on overall pellet κ by comparing models to 
experiments on Bi2Te3 nanobulk pellets, which has not previously been done.  
In this work, the model is applied to estimate κ with volume concentration and 
thermal boundary resistance [80]. The density of our sample is measured to be 74% of that 
of the bulk phase. Therefore, the volume concentration 𝜙 is set as 0.74. With porosity 
present as 𝜙𝑎𝑖𝑟 = 26%, a factor F = 
2−2𝜙𝑎𝑖𝑟
2+𝜙𝑎𝑖𝑟
 [87], also needs to be included. The following 
relation is used to calculate the effective thermal conductivity, κeff  [80]:  






            (5.3) 
where kh and kp are the thermal conductivities of the host material and particles, 
respectively, and kfd is the fully dense thermal conductivity for our samples. The variable 




the particle diameter. Because the pellets are made of homogeneous nanoparticles, kh and 
kp are identical in our modeling. However, kh and kp are not assigned as the bulk thermal 
conductivity; rather, they are a function of grain size, based on the thermal conductivity 
accumulation function from numerical simulations performed by Wang et al. [88]. The 
contributions to thermal conductivity of phonons with mean free path larger than the 
particle size were truncated. The size-dependent thermal conductivity values are plotted 
for various Bi2Te3 particle sizes in Figure 5.4, and a similar trend was observed in the work 
of Wang et al [88]. We also added the 4 nm and 15 nm estimates to help show the general 
trend.  For nanoparticles of 4 nm, 8.4 nm, and 14 nm, the thermal conductivity is reduced 
to roughly 57%, 82%, and 94% of the bulk value. For sizes ≥ 15 nm, the size effect is 
negligible.  
          By fitting Equation (5.3) with individual experimental measurements, we can obtain 
temperature-dependent interfacial conductance values for the 8.4 and 14 nm samples. This 
interfacial thermal conductance, G = 1/𝑅𝑇𝐵, is found for both the 8.4 and 14 nm samples 
at all temperatures, and a least-squares fitting is then used from this data to obtain an 
average G of ~81.3 W/mm2-K. This average G value is then used at all temperatures (i.e., 
G = 81.3 W/mm2-K at all temperatures; G is not temperature-dependent) to predict the κ 
of samples that were not experimentally measured to further illustrate the impact of size 
effect. These κ estimates for 4 nm and 15 nm particle-based composites are graphed 
alongside the 8.4 and 14 nm κ data (Figure 5.3, dashed hollow data).  The modeling data 
follow the trend shown by the experimental data, where κ decreases with decreasing 
particle size and increases with higher temperatures. Further decreases in particle size show 




this diameter, size has minimal impact. To demonstrate the impact of interfacial 
conductance G on transport, its value was set equal to infinity (i.e., no interfacial thermal 
resistance, 𝑅𝑇𝐵 = 0) in one of the simulations. This resulted in much higher κ values 
(Figure 5.3, dotted hollow data). However, particle size effect and temperature dependence 
still exist, because the inherent kp values of the individual particles are still dependent on 
particle size, per  and reference [88]. Furthermore, the air gaps (determined by air volume 
fraction ϕair) are still considered present in the samples. The results demonstrate the 





Figure 5.4. Ratio of thermal conductivity of an individual nanoparticle to that of the 
bulk phase, as a function of particle size. Results were derived from the thermal 













 In this work, we synthesized Bi2Te3 nanoparticles using wet chemistry to achieve 
very small particle size, and examined the effect of particle size on the nanobulk thermal 
conductivity through a combination of experimental results and modified EMA simulations. 
The experimental results demonstrate, and the modified EMA explains, that smaller 
particles can yield a lower sample κ. This is due to both lower thermal conductivity in 
smaller particles and lower interfacial thermal conductance, G. Nanobulk samples with 






CHAPTER 6. INVESTIGATING LIGAND LEVELS ON BISMUTH TELLURIDE 
NANOCOMPOSITES FOR THERMOELECTRIC APPLICATIONS 
6.1 Introduction 
Thermoelectrics (TEs) are a promising alternative energy option for refrigeration and 
power generation. They tend to be small and lightweight, and cooling devices that currently 
use them don’t produce chlorofluorocarbons [89], which harm the atmosphere. 
Furthermore, waste heat generated by a power generation system can be used by a TE 
device to create electricity, increasing the overall system efficiency [90]. Generally, 
thermoelectric performance is defined by the figure of merit ZT: 
 
        (6.1) 
               
where σ is the material’s electrical conductivity, S is Seebeck coefficient, and κ is thermal 
conductivity.  
Nanocomposites are one of the most promising forms of future TEs due to quantum 
confinement effects, interfacial mismatch, electronic intervalley transitions, and even 
thermionic emission [7], [22]. Bismuth telluride remains the best material for TEs. Its 
layered structure in the c-axis direction impedes phonons without impeding electrons as 
much, resulting in a high σ/κ ratio, and an impressive ZT = 1 [24], [25]. Some researchers 
have advanced from bulk structures to other forms and produced thin-layered superlattices 










with ZT values just below 1 at room temperature [26]. Still others have used nanomaterials 
for energy filtering affects, which can yield higher Seebeck coefficients [4], [8]–[11]. 
Others have used the nanobulk approach to combine the potential of nanostructures and 
Bi2Te3. Poudel, et. al produced bismuth-antimony-telluride bulk nanocomposites [24], 
which are much faster and simpler to produce than superlattice structures. Using ball-
milling to produce powder and compress it, the group achieved a ZT value of 1.2 at room 
temperature [24]. 
Such studies have illustrated the high performance of Bi2Te3 nano-based structures, 
and motivate this work. However, it remains a challenge to attain nanoparticle size control, 
and it is also difficult to produce the desired materials inexpensively and quickly. Although 
we aim to employ the TE advantages of Bi2Te3 and bulk nanocomposites, as Poudel et al 
has done, we take a different approach by using wet chemistry. It is significantly faster 
(ball milling can take several days, whereas wet synthesis takes only ~90 minutes) and can 
produce a greater amount of material per synthesis run. Thus, it would be more efficient 
for mass production.  Additionally, wet synthesis can yield much smaller particles than 
ball-milling, which produces particles with an average size of about ~20 nm [24]. Wet 
synthesis can produce particles down to ~5 nm on average (Figure 6.1a) [35]. Depending 
on the reaction temperature and time, it can also yield several nm-thick, broad sheets with 
thin-diameter features (~10 nm) (Figure 6.1d) [35]. Obtaining nanoparticles < 10 nm in 
diameter is critical, because phonons with mean free path less than 8 nm contribute half of 
the lattice thermal conductivity κl in bulk Bi2Te3 (Figure 6.2) [27]. Such a low overall κ 






  After wet-synthesizing Bi2Te3 particles, we realized we needed to study the effects 
of organic ligands. As mentioned in CHAPTER 1, the ligands are needed during the 
synthesis and are a very basic element in the synthesis process. However, they cling to the 
resulting particles afterwards and act as electrical insulators. Thus, before proceeding to 
more complex nanocomposite structures like nanoinclusions or doping, we felt it best to 
investigate the effects of this basic ingredient. On one hand, if ligand-coated particles are 
pressed into a composite, they will still be electrically insulated by these chemicals, 
 
Figure 6.1. Bismuth Telluride particles synthesized via wet synthesis at different 
temperatures and times. (a) and (b): 35ᵒC for time = 30 s. (c) 35ᵒC for 60 s. (d) 75ᵒC 





lowering the ZT. On the other hand, this insulation may also help lower κ, which in turn 
tends to raise ZT. 
 
 
We have conducted a fundamental study where the effects of ligands on Bi2Te3 
nanobulk are studied, without doping or nanoinclusions. We aim to study the relationship 
between rinsing and residual ligand levels, and the resulting thermoelectric properties. 
Such a study will increase understanding for the best rinsing treatments to perform 
following wet chemistry Bi2Te3 production, and result in an improved TE that can be 
reproduced on a mass scale.  
Our goal was to find an optimal ligand level, if it exists, where ZT is highest. This 
would be useful not only from a thermoelectrics perspective, but also a manufacturing one. 
 
Figure 6.2. Molecular Dynamic Simulation results showing κl vs. Bi2Te3 nanowire 









We hoped to determine what ligand levels/rinsing procedures would bring about the best 
ZT results and allow us to economically and quickly produce TE composites.  
In the experiments, several batches of Bi2Te3 particles were synthesized. Some 
batches were not rinsed with hydrazine afterwards, while others were rinsed one, three, 
four, five, or six times. Each powder batch was then hot-pressed into a pellet, and several 
characterizations were conducted on each. This data collection consists of TEM, XRD, 
XPS, density, specific heat capacity, thermal conductivity, electrical conductivity, and 
Seebeck coefficient measurements. The figure of merit, ZT, was calculated from the data. 
6.2 Synthesis and Preparation  
6.2.1 Wet Chemistry 
The Bi2Te3 was synthesized through wet chemistry, similar to that described in 
CHAPTER 5 [35]. Bismuth (III) acetate, oleic acid, and 1-octadecene were used for the 
bismuth precursor; a tellurium precursor of tellurium and tri-n-octylphosphine were added 
to the bismuth mixture at a temperature of 100ᵒC. The two mixtures stirred together for one 
minute before the solution was quenched.  
 
6.2.2 Rinsing 
 After synthesis, each batch was centrifuged with hexane and ethanol, four cycles 
each and subsequently stirred in ethanol for at least 90 minutes on a stirring plate. The 
centrifuging and stirring processes remove enough ligands from the batch so that it can be 




Generally, each batch is rinsed with hydrazine after the centrifugal and ethanol 
rinses. Hydrazine strips any remaining organic ligands from the sample. Batches are rinsed 
for at least three hours at least three times. In this study, however, the number of hydrazine 
rinses acted as the variable in pellet preparation of different samples. Each batch was 
hydrazine-rinsed a different number of times:  zero (i.e., not rinsed with hydrazine at all), 
one, three, four, five, or six times (0x, 1x, 3x, 4x, 5x, or 6x).   
6.2.3 Hot Pressing 
 After the designated rinsing procedures, each batch was left to dry in a fume hood 
container with a source of 99% nitrogen flowing above it (to limit oxidation). After the 
powder was completely dry, it was sifted and placed into a die where it was hot-pressed at 
298 MPa at T = 422 K (300ᵒF) for over 30 minutes. It was left to cool overnight under 
pressure and the pellet was subsequently removed with a hand press (Figure 6.3). Adding 






6.3 Results & Discussion 
 The results and measurement data are as follows: TEM and XRD, mass and 
component volume fractions, pellet density, specific heat capacity, thermal conductivity, 
Seebeck coefficient, electrical conductivity, and figure of merit ZT. 
 
6.3.1 TEM and XRD 
The characterizations of the powders before hot-pressing are shown in Figure 6.4 
and Figure 6.5. The TEM image in Figure 6.4 shows the particles are large, 2-D flakes with 
smaller, agglomerated features about 13 nm in diameter, similar in appearance to those 
created in [35]. The XRD confirms that the powders are Bi2Te3, per JCPDS 08-0027 [92], 
with no oxide peaks (Figure 6.5). Using the Scherrer Williamson-Hall method, we 
calculated the average crystal domain size to be about 7 nm. 
 
 
Figure 6.3. A sample Bi2Te3 pellet. Bismuth telluride powders were hydrazine-rinsed a 
given number of times (0, 1, 3, 4, 5, or 6) and subsequently hot-pressed at 422 K and 












6.3.2 Atomic %, Mass Fraction, Porosity and Density  
XPS was performed on each pellet to confirm residual ligands. These 
measurements were necessary to show that even after hot-pressing, when ligands may 
decompose from heat, some remained in each sample.  Indeed, the atomic percentage 
results in Figure 6.7 show higher carbon levels—indicative of organic ligands—for pellets 
made from powders rinsed fewer times. Thus, the fewer the hydrazine rinses performed on 
the powder before pressing, the higher the carbon levels in the final pellet. Predictably, as 
the number of hydrazine rinses increases, the mass fraction of residual oleic acid decreases 
from ~0.28 to less than 0.05, as shown in Figure 6.8 (for details regarding how the 
 
 
Figure 6.4. A TEM images of Bi2Te3 particles, which are large, 2-D flakes with 







component mass fractions were obtained, see Supporting Information).  Although the 
ligands decrease, the quantities of bismuth oxide (Bi2O3) and tellurium dioxide (TeO2) 
increase for the most part. This oxidation increase is due to the decrease in oleic acid. Oleic 
acid, although electrically insulating and thus a hindrance to charge transport, can also 
protect nanoparticle surfaces from oxidation when they are exposed to heat in the hot-
pressing process (oxidation does not occur beforehand, as there are no oxide peaks in the 
XRD data). This advantage does not apply to well-rinsed samples. As a result of such 
component changes, the fraction of Bi2Te3 remains roughly the same, between 0.28 and 




Figure 6.5. An XRD of Bi2Te3 nanopowders that have been rinsed 5 times. The pattern 
matches that of JCPDS 08-0027 [92], with no oxide peaks. The average crystal 







The volume fractions of each component are shown in Figure 6.9. The porosity ϕ 
(dashed line), which is the volume fraction of air, increases significantly with the number 
of hydrazine rinses (for details regarding how porosities and component volume fractions 
were obtained, see Supporting Information). Despite higher porosities, however, pellet 
density increases by over 40 percent from 0 rinses to 3 rinses (Figure 6.6). With fewer 
ligands, the particles are able to compress together and have better contact.  
 
 









Figure 6.8. Mass fractions of pellet components vs. number of hydrazine rinses of the 
starting powders. Oxide levels increase, while oleic acid amounts decrease. The Bi2Te3 
fraction remains roughly the same after one hydrazine rinse. 






              
Figure 6.7. Atomic percentages of the pellet components as a function of hydrazine 







To understand what the morphology of the pellet after pressing, several SEM 
images were taken.  
Figure 6.7 Figure 6.10 shows in-plane and cross-plane images for the 4x sample. 
Both images show flakes of largely varying sizes. Pellet anisotropy cannot be inferred from 
these images, as it is not obvious that the particles orient themselves in a specific direction 
for the cross-plane or in-plane. To help determine pellet anisotropy (as opposed to grain 
growth anisotropy, discussed in Chapter 5, where the individual grains favor growth in 
certain direction; we do know grain growth anisotropy exists here, given the flake-shape 
nature of the particles), cross-plane and in-plane XRD and thermal conductivity 
 
 
Figure 6.9. Component volume fractions and pellet porosity. The porosity vastly 





measurements on the full pellet can be employed. Because the samples in this study were 
too thin for measuring cross-plane XRD patterns or in-plane thermal conductivity, these 
measurements are performed in more detail in the following chapter.  
 
6.3.4 Specific Heat Capacity 
Next, the specific heat capacity of each sample type was measured. It can be seen 
from Figure 6.11 that Cp decreases with the number of hydrazine rinses on average. This 
is because Bi2O3 and TeO2, which increase with the number of rinses, have lower Cp (0.22 
and 0.345 W/gᵒC, respectively) than oleic acid (Cp = 2 W/gᵒC), which decreases with the 
number of rinses. Thus, it is expected that the overall pellet Cp will decrease.   
The measured Cp results at room temperature and the expected values, which are 
based on the specific heat capacities and mass fractions of the individual compounds that 
make up the sample, are graphed in Figure 6.12. The measured results (solid line), with the 
exception of the 0x sample, are close to the expected (dashed). 
  
 
Figure 6.10. In-plane (left) and cross-plane (right) SEM images for the 4x-rinsed 










Figure 6.11. Measured specific heat of four different pellets, each with nanocrystals 






Figure 6.12. Measured specific heat capacity vs. expected specific heat capacity of 










6.3.5 Thermal Conductivity 
After density and specific heat capacity were obtained, the thermal conductivity κ 
was measured (Figure 6.13). This was done using the laser flash method on a Netzsch 
LFA457 system and obtaining the thermal diffusivity α.  
Based on the information acquired, ligand content tends to increase κ.  Given the 
uncertainty in the values, however, the difference between κ from sample 1x to the 3x or 
5x may be negligible. Pellets with 0x rinsing were too brittle, however, and their thermal 
conductivities were not successfully obtained. Many samples were made, but they were so 
brittle they broke. Laser flash nor 3-omega measurements allow for the odd shapes of the 
pieces.  Thus, we rely on estimates for κ.  
For the upper-bound estimate, it can be assumed that the 0x pellet’s κ is about 0.22 
W/m-K, which is the κ of oleic acid coating each particle. This estimate does not take the 
porosity ϕ into account; i.e., all gaps between particles are filled with oleic acid, rather than 
air or vacuum. When porosity is taken into account (the more realistic scenario), the κ 
estimate can be described as follows: 
   𝜅𝑝𝑒𝑙𝑙𝑒𝑡 = 𝜅𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑(1 − 𝜙)         (6.2) 
This is the lower-bound estimate. Given that our XPS data has shown ϕ ~ 0.41 (see ), we 
are left with an estimate of κpellet = 0.22 W/m-K* (1-0.41) = 0.13 W/m-K. These upper and 
lower-bound estimates for 0x are shown in Figure 6.13. This range is higher than κ of all 
rinsed samples, revealing that rinsing the powders even just once with hydrazine greatly 
decreases κ (realistically, 0x is closer to the lower bound of 0.13 W/m-K, as ϕ has been 
taken into account).  It was expected that the 0x sample would have higher values, and the 




connect the particles by acting as a medium through which phonons can travel. Conversely, 
higher-rinsed samples have lower ligand levels, and so this form of connection diminishes. 
Although density and particle proximity are improved (due to lower ligands and increased 
particle growth), the porosity increases, leading to lower thermal conductivity (κ of air is 
only around 0.03 W/m-K for the studied temperatures). 
Furthermore, the mass and volume fractions of Bi2Te3 (1.2 W/m-K) do not change 
significantly from rinse to rinse; therefore, we conclude they do not have much of an impact 




Figure 6.13. Thermal conductivity of three different samples. The 0x samples could 
not be measured because of brittleness, and thus a range for κ has been estimated.  An 
estimate for the 4x pellet, which was not measured, is also shown. All samples with 
rinsed particles have come close to previous κ values of Bi2Te3 composites performed 









6.3.6 Electrical Conductivity 
The electrical conductivities of the samples were also measured, using a Jandel 
Four Probe collinear setup.  The results at room temperature, plotted in Figure 6.14, 
indicate that pellet conductivity greatly increases if the powders have been rinsed, from 0.7 
S/m to over 3,500 S/m. This is expected, as lower ligand levels and slightly higher Bi2Te3 
amounts should result in higher electron transport: σ of Bi2Te3 is > 104 S/m [32], while 
oleic acid is an electrical insulator with σ around 10-12 S/m [93]. Furthermore, particle 
contact is also vastly improved after the oleic acid is removed, as demonstrated by the 
higher densities with rinsing. The reasons for this are two-fold: first, lack of oleic acid 
allows the particles to press together and make better contact when compressed; second, 
without ligands surrounding them, these particles are also able to grow more while heated 
and thus further improve contact with each other (albeit not so much that porosity 
diminishes; as can be seen from , this value still increases with rinses). This has much more 
impact than any increase in porosity, which would otherwise decrease σ. Although air acts 
as an electrical insulator, surrounding the particles and hampering charge transport, at σ = 
10-15 S/m, it is not much more insulating than oleic acid. Both “coatings” have σ of 
essentially 0, and therefore air replacing the space ligands had taken does not greatly affect 
pellet σ. Instead, pellet σ is much more influenced by nanoparticle proximity, which 
increases with the number of rinses and decreasing ligand levels. It is interesting to note 
that the different trends in thermal and electrical conductivities with rinsing are due to the 
fact that, in our composite system, the thermal conductivity of oleic acid is close in order 
of magnitude to the other solid components, while its electrical conductivity is much lower. 




air level and air’s much lower κ (than oleic acid) value, while σ increases because it is 
dominated by the increasing particle contact.  
It is also evident that for a given sample, σ increases with temperature, reaching 
almost 3,700 S/m at 363 K for the 4x sample (Figure 6.15). This is because the additional 
heat allows more electrons to overcome energy and interfacial barriers and flow. In other 
words, the overall sample electron concentration n increases, resulting in higher σ: 
      𝜎 = 𝑛𝑒µ          (6.3) 
Here, e is the electron charge, and µ is mobility.  
The improved values are comparable to other nanobulk studies [91], [94], but not 
as high as the state-of-the-art technology [24], [95].  This is likely due to the oxidation that 
is prominent throughout these pellets, as well as porosity and interfacial resistance, two 
factors that are not of concern in bulk materials. 
The total oxide mass fraction in the rinsed pellets is at least 0.59 (refer to Figure 
6.8). Although the levels of higher-conducting Bi2Te3 increase slightly from 0x to 1x, the 
electrical conductivities of the increased oxides are so much lower at σ ~ 10-5 S/m or less 
[32], [96] that improved particle proximity does not heighten σ as much as if there was no 
oxidation.  Oxidation proves to be more restricting as Bi2Te3 levels decrease slightly from 
1x to 3x, though 3x’s significantly lower σ compared to the other rinsed pellets may be an 
anomaly caused by further oxidation of this sample after XPS measurements were 
performed. It is worth noting, however, that efforts were taken to store all samples in a 
glovebox after formation and when measurements were not being performed.  Overall, 
increased number of rinses increases σ, despite heightened oxide levels. However, it may 








Figure 6.14. Electrical conductivity data at room temperature for Bi2Te3 pellets vs. the 
number of hydrazine rinses performed on the powders before pressing. The lower σ 
value for the 3x sample is an anomaly, and it is possible this sample oxidized more 










Figure 6.15. In-plane σ vs. temperature for samples containing particles that were 
hydrazine-rinsed a different number of times (0x, 1x, 3x, and 4x). The 3x sample has a 
lower conductivity than the 1x sample. Room-temperature values for most samples 








6.3.7 Seebeck Coefficient 
Lastly, the Seebeck coefficients of each sample were measured from 300 K to 400 
K (Figure 6.16) with an MMR Seebeck Measurement System. Within the margin of error, 
the majority of Seebeck values are similar from one sample to another. The 4x sample, 
however, shows a lower magnitude |S|, and it stays roughly the same with temperature. The 








)                   (6.4) 
where, e is the electron’s charge value, kB is the Boltzmann constant, EF is the Fermi level, 
E is electron energy, and T is temperature. This is also the reason for a slightly lower |S| 
for the 1x sample compared to the 0x and 3x samples, which have lower σ than the 1x 
sample. Uncertainty, however, shows that such differences in S for these three samples can 
be considered negligible in this study. 
The 5x sample has a significantly higher |S| at each temperature than all other 
samples, at > 140 µV/K. It may simply be due to the large error (obtained from the standard 
deviation of the measurements; not as many trials were able to be conducted for this 
sample). Most likely, it is caused by energy filtering, which changes the density of states 
near the Fermi level, EF. Initially, when ligands surround the Bi2Te3 interfaces, few 
electrons are able to travel from one grain boundary to the next. As the amount of organic 
matter surrounding each surface decreases, bringing the particles closer together and in 
better contact, µ increases: carriers can now move more easily across grain boundaries, 
without such a large distance impeding them. This increases σ. However, energy filtering 




with a certain threshold energy [7], [97]. These higher-energy electrons can cross through 
grain boundaries. Lower-energy electrons still cannot, even though the particles are closer 
together. They are trapped by the interfaces themselves. In other words, particle interfaces, 
rather than particle proximity, better determine how well low-energy electrons travel in 
highly rinsed samples—i.e., particle interfaces cause energy filtering. This electron 
selectivity means the average energy of conducting electrons is high, causing a steep slope 
in the σ vs. E graph near EF. As a result, ∂σ/∂E increases, yielding a higher |S| despite an 
increase in σ (see Equation (6.4)). 
Energy filtering also causes the temperature dependence of |S| with the number of 
rinses. Three rinses or fewer yield an increase in |S| with T; after four rinses, it does not 
change with T; and after five, it outright decreases.  For fewer-rinsed samples, |S| increases 
with T because energy filtering becomes more prominent at higher temperatures [97]. 
Initially, most electrons cannot travel from one particle to the next because the particles are 
too far apart; as T increases, they gain enough energy to do so despite distance. This 
increases σ (see Figure 6.15). However, only some gain enough energy to cross the distance 
to the next grain, while lower-energy electrons, although they’ve gained energy through 
increased T to escape their own grains, do not have enough energy to make it the far 
distance to the next grain. As a result, the only electrons that can travel are very high-
energy; i.e., the average energy of traveling electrons is high. Thus, ∂σ/∂E increases, and 
so does |S| (this trend is different from that observed in undoped bulk materials because 
they typically do not experience the effects of energy filtering [97]). At higher temperatures 
in lower-rinsed samples, distance determines how well low-energy electrons travel—that 




But what if both close particle proximity and high temperatures are achieved? For 
more heavily rinsed samples, |S| decreases with T because interfaces play a larger role in 
the absence of ligands. Lower energy carriers are able to more easily “break free” from 
interfacial states at higher T, increasing σ (see Figure 6.15) but leading to a decrease in the 
average energy of flowing electrons, and therefore |S| [97].  
It is evident, however, that oxidation levels do not have a correlation with S. As we 
know from the mass fraction data, the 0x, 1x, and 3x samples have differing levels of 
oxidation, yet their S values are similar. Furthermore, the 3x and 6x samples (and by 
interpolation, the 5x sample) have similar levels of oxidation, yet the S values for the 3x 
sample, compared with samples rinsed a greater number of times, are noticeably different: 
the 4x pellet remains around -88 µV/K, while the 5x pellet ranges from -152 to -144 µV/K.  
It is understood that the error for some of the Seebeck data is large. This is likely a 
result of the data collection rate being too fast, as well as not having enough trials 
performed for the 5x sample. In future studies, we resolve these issues with more trials and 
a waiting time between data collection points that is five times longer than what is done in 
this study, in order to ensure less fluctuation in temperature for each measurement.  
We again emphasize that here, no |S| vs. number of rinses trend is confirmed in this 
study. The |S| vs. T trend is more clear, although a lower uncertainty is still desired. In the 





6.3.8 Figure of Merit 
The resulting values for ZT at room temperature and as a function of temperature 
are shown in Figure 6.17 and Figure 6.18, respectively. Even with a lower bound estimate 
of κ = 0.13 W/m-K for the 0x pellet, its ZT remains less than 5 x 10-5. The value vastly 
improves with at least one hydrazine rinse, but it is not until the powders have been rinsed 
about four times that ZT becomes comparable to other nanobulk work [14], [23]–[25], with 
a value over 0.37. The 1x and 3x samples have the highest verified ZTs. We do believe that 
the 4x and 5x estimates are reasonable, however, as σ appears to increase significantly with 
rinsing, while κ does not (the κ range estimate for 4x is shown in Figure 6.13, and the 
 
Figure 6.16. Seebeck coefficient data for differently-rinsed samples. On average, the 








average of it is used in ZT calculations; the σ estimate for 5x shown in Figure 6.14 is used 
in the ZT calculations). The further-rinsed samples might attain higher ZT if not for the 
high oxidation levels: a pellet with more Bi2Te3 and fewer oxides may yield even higher 
σ/κ ratios, as Bi2Te3 has a much higher σ than the oxides, and its κ is close to them or lower 
(Bi2O3 and TeO2 have κ of 0.9 and 3 W/m-K, respectively; the κ of Bi2Te3 is 1.2 W/m-K). 
And as discussed previously, the oxidation levels do not appear to affect S; this parameter 
should remain similar in magnitude even if oxidation is limited. Therefore, the best way to 
ensure higher performance is to rinse the powders with hydrazine and conduct the hot-
pressing under an inert atmosphere such as argon or nitrogen. 
 
Figure 6.17. ZT data at room temperature for differently-rinsed samples. On average, 
thermoelectric performance increases with the number of rinses.  










  We have demonstrated a fast, easily scalable method for creating nanobulk Bi2Te3 
materials with solution-synthesized size-tuned nanoparticles, and studied the effects of 
ligand levels on the thermoelectric properties at room temperature. With more rinses, the 
ligand level decreases and the porosity increases. The thermal conductivity κ first decreases 
and then plateaus. Furthermore, if oxidation is decreased, κ may be unaffected or even 
lowered, which would help retain a higher ZT. The electrical conductivity σ improves 
drastically at room temperature with one rinse, and then slows in improvement with further 
rinsing as ligand stripping makes particles more susceptible to oxidation during hot-
pressing.  This issue may be remedied, however, if oxidation is limited. The Seebeck 
 
Figure 6.18. ZT data as a function of temperature for differently-rinsed samples. On 
average, thermoelectric performance increases with temperature and with the number 
of rinses.  








coefficient magnitude tends to increase with the number of rinses, though this trend cannot 
be confirmed with the large uncertainty. |S| does, however, appear to be unaffected by oxide 
levels. Furthermore, its temperature dependence slightly changes if the particles are 
hydrazine-rinsed more than three times. Overall, our results demonstrate that reducing 
ligand levels (such as through rinsing) is an effective way to enhance ZT for solution 
synthesized thermoelectric nanomaterials. To further improve the thermoelectric 
performance, the hot-pressing process can be done under an inert atmosphere to reduce the 
oxidation. This will allow for higher electrical conductivity, lower thermal conductivity, 




CHAPTER 7. FURTHER ANALYSIS OF LIGAND LEVELS IN BISMUTH 
TELLURIDE NANOCOMPOSITES: PRESSED IN AN ARGON ENVIRONMENT 
7.1 Methods and Preparation 
The work presented in this chapter is closely related to that described in Chapter 6, 
but the pressing was done under inert gas. The powders were synthesized through the 
methods described in CHAPTER 6. They were pressed in a sealed glovebox under an 
argon atmosphere (< 0.1 ppb of oxygen) and pressed with a hydraulic hand press. 
Furthermore, the heat came from an element that was wrapped around the side of the die 
(the lateral area), rather than from the top and bottom plates of the press. This is because 
no other setup was available for hot-pressing in an inert atmosphere. The alternative setup 
for pressing and heating may explain the lower values for some of our results compared 
to the pressed-in-air studies. This will be detailed later in the chapter. 
 
7.2 Results and Discussion 
7.2.1 Density, Mass Fraction, and Volume Fraction 
        Similar to the previous experiments, density increases with the number of hydrazine 
rinses performed before pressing (Figure 7.1). This confirms the fact that the particles are 
in better contact, despite increased levels of oxidation. This is due to a decrease in ligand 




(Figure 7.2 and Figure 7.3, respectively) show that there are lower ligand levels and lower 
porosity than in the samples pressed in air, and that there is still significant oxidation.  
         The pressing was performed in an Mbraun Labmaster 130 glovebox, where the O2 
and H2O levels are kept under 0.1 ppm. This was the most inert atmosphere we could use, 
but unfortunately, since Bi2Te3 oxidizes so easily with fewer ligands to protect it, our 
pellets still experienced oxidation despite low O2 levels. While such a high-quality 
glovebox is useful for storing products at room temperature, it is evident that heating an 
easily-oxidized material like Bi2Te3 at 300 F for over 30 minutes in such an environment 




Figure 7.1. Pellet density as a function of the number of hours the particles were 







Figure 7.2.  Mass fraction of the components in the air-pressed samples (left), 
compared to a 3x-rinsed sample pressed under argon (hollow shapes in the green-
shaded region). There is still a great deal of oxidation that occurs under the “inert” 
environment, as it is not 100% argon. 
 
  
Figure 7.3. Volume fraction of the components in the air-pressed samples (left), 
compared to a 3x-rinsed sample pressed under argon (hollow shapes in the green-







7.2.2 XRD  
After looking at the XRD graphs (Figure 7.4), it is apparent that the particles in the 
argon environment were not able to grow as much as the particles in the air environment. 
Using the Scherrer-Williamson-Hall method, we are able to estimate the average domain 
size for each sample. The crystal domain sizes are as large as ~50 nm for the in-air pressed 
4x sample, and only make it up to ~11 nm for the 156-hour in-argon pressed sample. 
Although the Williamson-Hall method gives us only an estimate, it helps us understand 
relative differences between the air-pressed and argon-pressed samples. 
Such differences are not a result of argon vs. air; as detailed earlier, there is just as 
much oxidation in both cases. Rather, we believe it is due to the non-uniform conditions of 
heating and pressure. We had done our best to mimic the same conditions in under argon 
 
Figure 7.4. XRD comparisons of in-air and in-argon pressed samples. The in-air 





as we had in air; however, we believe that the heating element may not have remained 
constant at 300ᵒF during the pressing, despite a temperature controller and periodic checks 
with a temperature gun. This would explain why the crystals are smaller for the argon-
pressed samples: the amount of heat during the experiment was not enough for the particles 
to grow further and make better contact. 
Figure 7.5 shows in-plane and cross-plane XRD results for the 156-hr sample. 
There appears to be slight pellet anisotropy (not to be confused with grain growth 
anisotropy, in which individual grains favor a certain growth direction when they form) 
with the (110) and (0015) peaks becoming slightly more prominent in the direction parallel 
to the pressing direction (cross-plane of the pellet). For the most part, however, the (015) 
plane is the most prominent for both directions, and so the grains are not oriented much 
         
 










differently within the overall pellet in the cross-plane direction than they are in the in-plane 
direction. 
7.2.3 Thermal Conductivity 
The κ values in the argon experiments are significantly higher than in the previous 
studies; all values are above the high-end estimate of 0.22 W/m-K for the 0x sample (Figure 
7.6). This is likely because, for these more recent experiments, the 3-omega method was 
used (a laser flash machine was not available). 
However, the measurements do show the same trend of κ decreasing with the 
number of rinsing hours. Now, with more data, we are better able to confirm this trend. As 
previously, this is due to the removal of relatively high-κ organic material, as well as higher 
porosity resulting from such removal. 
 It is also interesting to note the κ trend with temperature for each sample. It tends 
to decrease with T, except for the 27- and 156-hour samples, where it increases until 320-
330K, then decreases. This is due to a shift in the type of phonon interactions at higher 
temperatures. At medium temperatures, phonon-electron interactions are most prevalent 
[98]. At higher temperatures, such interactions decrease, while phonon-phonon interactions 
dominate [22], [98] and specific heat Cp has less influence on κ [22]. For these samples, 
~300320 K marks the transition range where the interaction nature changes: phonons 
interfere with each other more frequently, rather than with electrons, and as a result, heat 







                        
 
 
Figure 7.6. Thermal conductivity for samples made from particles that were rinsed 
with hydrazine a different number of times. The top plot shows the data for samples 
pressed in argon. The bottom plot shows that data with the data for samples pressed in 









The κ trend of the 27-hour sample is not as pronounced as it is for the 156-hour 
sample. This would indicate that the transition to phonon-phonon interactions becomes 
dominant at higher temperatures in higher-rinsed samples.     
 
7.2.4 Electrical Conductivity 
The electrical conductivity, σ, increases with the number of hydrazine rinsing 
hours up until after 156 hours (Figure 7.7). The increase up to this point is due to 
improved particle contact, as explained in the previous chapter: the particles are closer 
together because fewer ligands are coating them; any air existing between the particles as 
a result does not diminish σ because oleic acid’s σ, like air, was also low. The decrease 
that occurs after ~156 hours is most likely due to a defective heating element. We believe 
that the heat may have fluctuated too greatly during pressing, perhaps due to age, and 
therefore not enough heat was delivered to the powders during the pressing (the 216 and 
264-hr pellets were pressed several weeks after the other pellets). 
Similar to the previous study, electrical conductivity σ increases with temperature, 
reaching around 1,600 S/m at 400 K for the 156-hour sample, and increasing over 17 times 
from 320400 K for the 1x sample (Figure 7.8 and Figure 7.9). The additional heat gives 
additional electrons the energy needed to overcome energy and interfacial barriers (see 
CHAPTER 1 and CHAPTER 6). The conductivity can be described by the following 
equation:  
     𝜎 = 𝑛𝑒µ          (7.1) 
Generally, in the temperature range where electron-phonon interactions dominate, 




However, σ may still increase if the rise in electron concentration n dominates. In our 
samples, where temperatures are far above the Debye temperature, phonon-phonon 
interactions are more prevalent. Phonons collide with each other more than electrons, and 
thus electrons can travel through the material with less scattering. As a result, both µ and 
n increase, and so σ continues to increase (but κ decreases, as explained above). It is in this 
type of situation—phonon-phonon interactions as the dominant phonon interaction—that 
σ increases with T, while κ decreases. 
It’s worth noting that for the 156-hour sample, σ decreases from 295 to 320 K and 
then increases again after 320 K (room temperature data for all other samples was acquired 
on a different day, and thus are not included on these graphs. The error from one day to the 
next could be such that those values would not accurately reflect the σ trends with 
temperature). In this particular case, the phonon-electron collisions may be strong enough 
to lower µ such that any increase in n cannot increase σ.  Around 320 K, however, phonon-
phonon interactions take over. Electrons are no longer impeded by phonons and µ increases. 
It is no longer trending opposite n, and σ rises. The κ vs. T data for this sample reflect such 
physics. Thermal conductivity increases up to ~310320 K, which indicates phonon-
electron interactions and stronger dependence on Cp. After 320 K, κ decreases, indicating 
more phonon-phonon interactions. 
Overall, electrical conductivity increases with the number of rinses as lower-energy 
electrons gain the energy to overcome barriers they previously could not cross. 
Furthermore, σ rises with increasing temperature, as phonon-electron interactions decrease 







Figure 7.7. Electrical conductivity of Bi2Te3 nanobulk samples as a function of the 
number of hydrazine rinses the base particles experienced before being hot-pressed. 




Figure 7.8. Electrical conductivity of various argon-pressed Bi2Te3 nanobulk 









Figure 7.9.  Electrical conductivity of various Bi2Te3 nanobulk samples as a function 
temperature. These graphs show the same data as Figure 7.8, but are zoomed in to 











Figure 7.10. Electrical conductivity of various Bi2Te3 nanobulk samples as a function 










7.2.5 Seebeck Coefficient 
The phonon-phonon interactions may also explain why |S|, like κ, decreases with 
increasing temperature around 320K for the highly-rinsed samples (Figure 7.11): the σ/µ 
ratio is not as high as previously, because µ has increased (see Equation (7.2), below). In 
other words, there is a decrease in energy filtering; electrons of lower energies have higher 
µ and can travel more easily at higher T, decreasing the average energy of transported 
electrons. The ∂σ/∂E term decreases and therefore |S| does as well [5], [7]: 











             (7.2) 
|S| increases for lower-rinsed samples as higher-energy electrons are able to make 
it from one grain to the next, and lower-energy electrons are still left behind because 
particle distance is too great. 
The trend of |S| vs. hydrazine rinses is similar to that of previous studies. At any 
given temperature, |S| increases as a function of rinsing hours. This, like previously, can be 
explained by the following: interfaces, rather than particle proximity, dictate electron 
transport for higher-rinsed samples. As a result, more energy filtering occurs, raising ∂σ/∂E. 











Figure 7.12. A comparison of the Seebeck coefficients for samples pressed in air 









The calculated ZT values for these samples are much lower (Figure 7.13) than those 
for the in-air samples (Figure 7.14). This is mainly because of the lower σ. Similar to before, 
however, ZT tends to rise with temperature, as κ decreases and σ increases from higher 
phonon-phonon interaction and less electron impediment. |S| also increases with T for 
lower-rinsed samples as energy filtering increases with T, and it also increases as a function 








Figure 7.13. Figure of Merit for samples pressed in argon. 
 
 






We have further studied the effects of ligand levels on the thermoelectric properties 
of Bi2Te3 pellets, confirming the σ and S trends demonstrated in CHAPTER 6 and allowing 
us to better understand the behavior of κ. Because high- κ oleic acid decreases with sample 
rinses, overall κ decreases. And, as particle contact improves, σ increases. Energy filtering 
increases with rinsing, raising |S|, which again remains unaffected by oxide levels. |S| also 
increases at greater temperatures, except for higher-rinsed samples where lower-energy 
electrons are able to transport more easily. Phonon-phonon interactions dominate over 











CHAPTER 8. NANOINCLUSIONS 
8.1 Introduction 
So far in our research, we have studied nanoparticle synthesis, nanoparticle-based 
PV films, and thermoelectric pellets. We would like to perform more research in the 
nanocomposite thermoelectrics area by some exploratory work involving additional 
materials.  
 First, materials like PbTe and PbSe themselves have shown some promise in 
thermoelectrics [6], [33], [89], [94]. Furthermore, the PbSe octahedrons like those 
described in CHAPTER 2 have rough interfaces that may scatter phonons and decrease κl.  
We have also grown hexagonal PbTe nanoparticles of ~33 nm in diameter (Figure 8.1), 
which are of drastically different shape than the Bi2Te3 particles and can help scatter 
phonons as well. Both types of particles are made from different materials, and if one type 
is mixed with Bi2Te3 particles, additional lattice strain will form within the pellet [22], as 
each material has different lattice constants. Furthermore, the group velocities vg from one 
grain to another should be quite different. Both factors will result in mismatch from one 
grain to the next, causing a phonon to “lose its memory” and be less likely to keep traveling 
in the same direction [7], [22]. That is, the transmission function T   would be significantly 
lowered, and so would the heat transfer Q [22]:  
                                  𝑄 =   
1
2




Finally, if the Bi2Te3 particles are less than 10 nm in all dimensions, we can take 
advantage of the effects described by Qiu et al, described in Section 6.1 [27].  All of these 
factors would help decrease κl, and therefore increase ZT.  
However, electrical conductivity σ must also be considered. Fortunately, this value 
could be in fact be raised when nanoinclusions are introduced. 
First, the work functions (WF) of PbSe and PbTe (from now on, they will be 
referred to as PbE) and Bi2Te3 are different. This will especially work in our favor if the 
WF of our PbE crystals is less than that of the Bi2Te3 crystals. In this way, if an electron is 
traveling from a PbE particle to a Bi2Te3 particle, less work will be required compared to 
 







Figure 8.1. PbTe hexagonal nanoparticles about ~33 nm in diameter, and PbSe 





an electron traveling from one Bi2Te3 particle to another. If an electron is trying to transfer 
from a Bi2Te3 particle to a PbE particle, more work will be required, which can be 
considered disadvantageous. In this case, it will be scattered. However, it could get 
scattered to a location that allows it transfer to a Bi2Te3 particle. This transfer—from Bi2Te3 
to Bi2Te3—would require less energy than the Bi2Te3 to PbE scenario. This is also how 
electrons are traveling in our present nanocomposites, anyway. Thermionic emission might 
occur as a backup, and so electrons may still overcome the energy hump and transfer to the 
PbE. Furthermore, because the pellet consists of nanoparticles, inter-valley 
transition/crystallite rotation still come into play. This could also assist with electron 
transport from Bi2Te3 to PbE. In other words, adding some PbE particles to the composite 
would allow any electrons that are already sitting in the PbE particles, or that have 
happened to make it there through intense scattering, to transfer to Bi2Te3 with ease. When 
the reverse cannot occur, the electrons will simply scatter to another Bi2Te3, or scatter to a 
lower-energy valley. The electrical disadvantage of space separation would still exist—
perhaps even more so, because of the “irregular” PbE shape. The crystals would not be as 
densely packed in areas where the PbE particles are located. However, the proximity issues 
would also be poor for the thermal conductivity. Thus, as long as the σ/κ ratio increases, 
ZT may increase. 
Finally, the Seebeck coefficient S may be increased due to any increase in the ∂σ/∂E 
term. This increase could very well happen when low-energy electrons are scattered at 
interfaces and higher energy electrons make it over the barrier (see CHAPTER 1).  
We also desire to study the effects of NaCl inclusions, as this material is an 




Na+ and Cl- ions while it is stirring with Bi2Te3 particles. Several studies involving ion 
performance on thermoelectrics have been performed [99]–[101]. Theoretically, these ions 
can help transfer electricity, while the NaCl that remains help the sample retain a relatively 
low thermal conductivity (although NaCl’s κ is higher than Bi2Te3—7 W/m-K vs. 1.2 
W/m-K—it is lower than other electrolyte materials). Furthermore, it’s work function is 
different from Bi2Te3’s. 
8.2 Methods 
In order to make these composites, we made the Bi2Te3 exactly as before. To add 
the PbTe particles, we injected them while the Bi2Te3 particles were stirring (at the end of 
18 hours of hydrazine rinsing), then quickly dumped out the entire mixture in a large, flat 
pan so that the heavier PbTe particles had as little time or space as possible to settle to the 
bottom of the solution. We did not want them to separate from the Bi2Te3 particles; all of 
the particles must be as evenly dispersed as possible. For the NaCl nanoinclusions, we 
input about ½ teaspoon of table salt into the Bi2Te3 reaction solution after the bismuth and 
tellurium precursors were combined. As with the pure Bi2Te3 solution, this one reacted for 
60 seconds at 100ᵒC. This mixture was then centrifuged and rinsed in hydrazine for 18 
hours total. 
After being left to dry, these mixtures were each sifted and hot-pressed under an 





8.3 Preliminary Results 
So far in this research, we have obtained thermal and electrical conductivity data for 
Bi2Te3-based pellets with PbTe and NaCl inclusions. The PbTe inclusions increase κ of the 
sample, but also σ (Figure 8.3 and Figure 8.4). Meanwhile, the NaCl inclusions lower κ 
and increase σ, albeit the effect on the σ/κ is not as dramatic as that of the PbTe 
nanoparticles. Overall, both samples exhibit a higher σ/κ ratio than the 3x-rinsed Bi2Te3 
counterpart that was rinsed for 27 hours (the nanoinclusion samples were rinsed for only 
18 hours); the improvement rises from 32 S-K/W (pure Bi2Te3, 27 hrs) to ~58 S-K/W for 
NaCl inclusions and up to 143 S-K/W for PbTe inclusions. However, they do not exhibit 
the dramatic benefits of long hydrazine rinses like the 4x or 156-hour samples from 
previous studies, which yielded σ/κ values ~5,000, for an increase of > 156x. We will 
experiment more with different nanoinclusion amounts to see if this improves our results, 
and will also measure the Seebeck coefficient to gain overall ZT. Most likely, we will try 
rinsing the mixtures for ~156 hours so that oleic acid (which has relatively high κ and very 






                  
Figure 8.3. Thermal conductivity as a function of temperature for pure Bi2Te3 
nanopellets compared with a nanopellet containing hexagonal PbTe nanoinclusions. 
 
 
Figure 8.4. Electrical conductivity as a function of temperature for pure Bi2Te3 
nanopellets compared with a nanopellet containing hexagonal PbTe nanoinclusions 







CHAPTER 9. CONCLUSION AND FUTURE WORK 
Early in this research, we studied the basics behind wet chemistry and synthesized 
a variety of nanocrystals for photovoltaic applications. We then used the CdTe particles for 
potential photovoltaic films.  RTA treatments and their effects on CdTe NW and QD films 
were studied first. The improvement was only moderate. Thus, we proposed and performed 
the laser peening and sintering treatments. We chose NWs over QDs because of the long, 
continuous shape, which provides a better pathway for electrons.  The LPS proved 
extremely effective on NW films, improving electrical conductivity by a factor of up to 104 
S/cm. Percolation theory qualitatively described all of our results, and matched well with 
our measurements for compressed and compressed and sintered films. We have 
demonstrated a new and innovative technique for quickly and vastly increasing the 
conductivity of a nanoparticle-based film.  
In the thermoelectrics experiments, it appears that rinsing away the ligands off the 
Bi2Te3  particles is best. For pellet formation and strength, the ligands must be minimal. 
This is also true from a performance standpoint. There is an optimal amount of hydrazine 
rinsing if one prepares the pellets under normal atmosphere; several hydrazine washes 
adding up to ~156 hours will yield the best ZT: high σ values are caused by low ligand 




Simultaneously, the little amount of oleic acid that does remain helps prevent additional 
oxidation. 
Because oxidation occurs in air and under “inert” atmospheres during the heating 
of such Bi2Te3 pellets (which, with such small particles, have a high surface area-to-volume 
ratio), it is best to simply press the powders in air, as this will save time and energy. 
Furthermore, a standard hot-press—i.e., two horizontal, flat platens above and below the 
sample, which heat up and compress it with automatic pressure control—ensures that the 
heat and pressure will fluctuate as little as possible during the pellet-making.  
Additionally, more hydrazine rinses should be conducted, as the Seebeck 
coefficient may increase. With better particle contact and lower ligand levels, σ should 
increase and κ will decrease; however, oxidation may prevent the σ/κ ratio from improving 
further. Despite limitations, we hope to use our knowledge for improving thermoelectric 
pellet performance and manufacturing efficiency. In addition to experimenting more with 
further hydrazine rinsing, we have also explored Bi2Te3-PbE or Bi2Te3-NaCl 
nanocomposites with potentially higher ZT.   
Future improvement on these wet-synthesized nanocomposites may come from 
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[15] M. Drndić, M. V. Jarosz, N. Y. Morgan, M. A. Kastner, and M. G. Bawendi, 
“Transport properties of annealed CdSe colloidal nanocrystal solids,” J. Appl. 
Phys., vol. 92, no. 12, p. 7498, Nov. 2002. 
[16] M. C. Kum, B. Y. Yoo, Y. W. Rheem, K. N. Bozhilov, W. Chen, A. Mulchandani, 
and N. V Myung, “Synthesis and characterization of cadmium telluride 
nanowire.,” Nanotechnology, vol. 19, no. 32, p. 325711, Aug. 2008. 
[17] W. J. Baumgardner, J. J. Choi, K. Bian, L. F. Kourkoutis, D.-M. Smilgies, M. O. 
Thompson, and T. Hanrath, “Pulsed laser annealing of thin films of self-assembled 
nanocrystals.,” ACS Nano, vol. 5, no. 9, pp. 7010–9, Sep. 2011. 
[18] R. Dharmadasa, B. W. Lavery, I. M. Dharmadasa, and T. L. Druffel, “Intense 
Pulsed Light Treatment of Cadmium Telluride Nanoparticle based Thin Films.,” 
ACS Appl. Mater. Interfaces, Mar. 2014. 
[19] R. Dharmadasa, O. K. Echendu, I. M. Dharmadasa, and T. Druffel, “Rapid 
Thermal Processing in CdS/CdTe Thin Film Solar Cells by Intense Pulsed Light 
Sintering,” ECS Trans., vol. 58, no. 11, pp. 67–75, Oct. 2013. 
[20] E. C. Garnett, W. Cai, J. J. Cha, F. Mahmood, S. T. Connor, M. Greyson 
Christoforo, Y. Cui, M. D. McGehee, and M. L. Brongersma, “Self-limited 
plasmonic welding of silver nanowire junctions.,” Nat. Mater., vol. 11, no. 3, pp. 
241–9, Mar. 2012. 
[21] M. Kanellos, “First Solar Sets Efficiency Record: 17.3 Percent,” Green Tech 





[22] T. S. Fisher, Thermal Energy at the Nanoscale, 1st ed. World Scientific Publishing 
Company, 2013. 
[23] L. Hicks and M. Dresselhaus, “Effect of quantum-well structures on the 
thermoelectric figure of merit,” Phys. Rev. B, vol. 47, no. 19, pp. 12727–12731, 
May 1993. 
[24] B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D. Wang, A. Muto, 
D. Vashaee, X. Chen, J. Liu, M. S. Dresselhaus, G. Chen, and Z. Ren, “High-
thermoelectric performance of nanostructured bismuth antimony telluride bulk 
alloys.,” Science, vol. 320, no. 5876, pp. 634–8, May 2008. 
[25]  N. W. Gothard, “The effects of nanoparticle inclusions upon the microstructure 
and thermoelectric transport properties of bismuth telluride-based composites,” 
ProQuest Diss. Theses; Thesis (Ph.D.)--Clemson Univ., 2008. 
[26] T. C. Harman, P. J. Taylor, D. L. Spears, and M. P. Walsh, “Thermoelectric 
quantum-dot superlattices with high ZT,” J. Electron. Mater., vol. 29, no. 1, pp. 
L1–L2, Jan. 2000. 
[27] B. Qiu, L. Sun, and X. Ruan, “Lattice thermal conductivity reduction in 
Bi_{2}Te_{3} quantum wires with smooth and rough surfaces: A molecular 
dynamics study,” Phys. Rev. B, vol. 83, no. 3, p. 035312, Jan. 2011. 
[28] Z. H. Dughaish, “Lead telluride as a thermoelectric material for thermoelectric 
power generation,” Phys. B Condens. Matter, vol. 322, no. 1–2, pp. 205–223, Sep. 
2002. 
[29] T. C. Harman, D. L. Spears, and M. J. Manfra, “High thermoelectric figures of 
merit in PbTe quantum wells,” J. Electron. Mater., vol. 25, no. 7, pp. 1121–1127, 
Jul. 1996. 
[30] Y. Gelbstein, Z. Dashevsky, and M. P. Dariel, “High performance n-type PbTe-
based materials for thermoelectric applications,” Phys. B Condens. Matter, vol. 
363, no. 1–4, pp. 196–205, Jun. 2005. 
[31] K. Kishimoto and T. Koyanagi, “Preparation of sintered degenerate n-type PbTe 
with a small grain size and its thermoelectric properties,” J. Appl. Phys., vol. 92, 
no. 5, p. 2544, Aug. 2002. 
[32] O. Madelung, Semiconductors: Data Handbook, 3rd ed. Berlin: Springer-Verlag 





[33] G. Tai, B. Zhou, and W. Guo, “Structural Characterization and Thermoelectric 
Transport Properties of Uniform Single-Crystalline Lead Telluride Nanowires,” J. 
Phys. Chem. C, vol. 112, no. 30, pp. 11314–11318, Jul. 2008. 
[34] K. Suto, O. Itoh, J. Nishizawa, and Y. Yokota, “Growth and electrical properties of 
PbTe bulk crystals grown by the Bridgman method under controlled tellurium or 
lead vapor pressure,” J. Cryst. Growth, vol. 165, no. 4, pp. 402–407, Aug. 1996. 
[35] L. Chen, Q. Zhao, and X. Ruan, “Facile synthesis of ultra-small Bi2Te3 
nanoparticles, nanorods and nanoplates and their morphology-dependent Raman 
spectroscopy,” Mater. Lett., vol. 82, pp. 112–115, Sep. 2012. 




[37] C. B. Murray, D. J. Norris, and M. G. Bawendi, “Synthesis and characterization of 
nearly monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor 
nanocrystallites,” J. Am. Chem. Soc., vol. 115, no. 19, pp. 8706–8715, Sep. 1993. 
[38] W. Lu, J. Fang, Y. Ding, and Z. L. Wang, “Formation of PbSe nanocrystals: A 
growth toward nanocubes.,” J. Phys. Chem. B, vol. 109, no. 41, pp. 19219–22, Oct. 
2005. 
[39] V. Fonoberov, E. Pokatilov, V. Fomin, and J. Devreese, “Photoluminescence of 
Tetrahedral Quantum-Dot Quantum Wells,” Phys. Rev. Lett., vol. 92, no. 12, p. 
127402, Mar. 2004. 
[40] K.-T. Yong, Y. Sahoo, K. R. Choudhury, M. T. Swihart, J. R. Minter, and P. N. 
Prasad, “Shape control of PbSe nanocrystals using noble metal seed particles.,” 
Nano Lett., vol. 6, no. 4, pp. 709–14, Apr. 2006. 
[41] G. Zhang, B. Kirk, L. A. Jauregui, H. Yang, X. Xu, Y. P. Chen, and Y. Wu, 
“Rational synthesis of ultrathin n-type Bi2Te3 nanowires with enhanced 
thermoelectric properties.,” Nano Lett., vol. 12, no. 1, pp. 56–60, Jan. 2012. 
[42] Y. Wu, “Interview.” West Lafayette. 
[43] L. Chen, “No Title.” Purdue University, West Lafayette. 
[44] K.-S. Cho, D. V Talapin, W. Gaschler, and C. B. Murray, “Designing PbSe 
nanowires and nanorings through oriented attachment of nanoparticles.,” J. Am. 




[45] Y. Hatanaka, M. Niraula, Y. Aoki, T. Aoki, and Y. Nakanishi, “Surface processing 
of CdTe compound semiconductor by excimer laser doping,” Appl. Surf. Sci., vol. 
142, no. 1–4, pp. 227–232, Apr. 1999. 
[46] T. D. Dzhafarov, S. S. Yesilkaya, N. Yilmaz Canli, and M. Caliskan, “Diffusion 
and influence of Cu on properties of CdTe thin films and CdTe/CdS cells,” Sol. 
Energy Mater. Sol. Cells, vol. 85, no. 3, pp. 371–383, Jan. 2005. 
[47] T. L. Chu, “Thin film cadmium telluride solar cells by two chemical vapor 
deposition techniques,” Sol. Cells, vol. 23, no. 1–2, pp. 31–48, Jan. 1988. 
[48] G. Y. Chung, S. C. Park, K. Cho, and B. T. Ahn, “Electrical properties of CdTe 
films prepared by close-spaced sublimation with screen-printed source layers,” J. 
Appl. Phys., vol. 78, no. 9, p. 5493, Nov. 1995. 
[49] X. Zhao, C. M. Wei, L. Yang, and M. Y. Chou, “Quantum Confinement and 
Electronic Properties of Silicon Nanowires,” Phys. Rev. Lett., vol. 92, no. 23, p. 
236805, Jun. 2004. 
[50] K. Pemasiri, M. Montazeri, R. Gass, L. M. Smith, H. E. Jackson, J. Yarrison-Rice, 
S. Paiman, Q. Gao, H. H. Tan, C. Jagadish, X. Zhang, and J. Zou, “Carrier 
dynamics and quantum confinement in type II ZB-WZ InP nanowire 
homostructures.,” Nano Lett., vol. 9, no. 2, pp. 648–54, Feb. 2009. 
[51] M. Black, Y.-M. Lin, S. Cronin, O. Rabin, and M. Dresselhaus, “Infrared 
absorption in bismuth nanowires resulting from quantum confinement,” Phys. Rev. 
B, vol. 65, no. 19, p. 195417, May 2002. 
[52] F. Schedin, A. K. Geim, S. V Morozov, E. W. Hill, P. Blake, M. I. Katsnelson, and 
K. S. Novoselov, “Detection of individual gas molecules adsorbed on graphene.,” 
Nat. Mater., vol. 6, no. 9, pp. 652–5, Sep. 2007. 
[53] N. Oncel, A. van Houselt, J. Huijben, A.-S. Hallbäck, O. Gurlu, H. Zandvliet, and 
B. Poelsema, “Quantum Confinement between Self-Organized Pt Nanowires on 
Ge(001),” Phys. Rev. Lett., vol. 95, no. 11, p. 116801, Sep. 2005. 
[54] A. J. Nozik, “Nanoscience and nanostructures for photovoltaics and solar fuels.,” 
Nano Lett., vol. 10, no. 8, pp. 2735–41, Aug. 2010. 
[55] C. K. Chan, H. Peng, G. Liu, K. McIlwrath, X. F. Zhang, R. A. Huggins, and Y. 
Cui, “High-performance lithium battery anodes using silicon nanowires.,” Nat. 





[56] V. I. Emel’yanov, “Self-organization of ordered nano- and microstructures on the 
semiconductor surface under the action of laser radiation,” Laser Phys., vol. 18, 
no. 6, pp. 682–718, Jun. 2008. 
[57] K. Karki, E. Epstein, J.-H. Cho, Z. Jia, T. Li, S. T. Picraux, C. Wang, and J. 
Cumings, “Lithium-assisted electrochemical welding in silicon nanowire battery 
electrodes.,” Nano Lett., vol. 12, no. 3, pp. 1392–7, Mar. 2012. 
[58] R. Fabbro, J. Fournier, P. Ballard, D. Devaux, and J. Virmont, “Physical study of 
laser-produced plasma in confined geometry,” J. Appl. Phys., vol. 68, no. 2, p. 775, 
Jul. 1990. 
[59] K. M. Rickey, Q. Nian, G. Zhang, L. Chen, S. V. Bhat, Y. Wu, G. Cheng, and X. 
Ruan, “Effects of rapid thermal processing and pulse-laser sintering on CdTe 
nanofilms for photovoltaic applications,” 2012, p. 846505. 
[60] L. Cao, D. N. Barsic, A. R. Guichard, and M. L. Brongersma, “Plasmon-assisted 
local temperature control to pattern individual semiconductor nanowires and 
carbon nanotubes.,” Nano Lett., vol. 7, no. 11, pp. 3523–7, Nov. 2007. 
[61] C. P. Lambropoulos, K. E. Karafasoulis, V. A. Gnatyuk, and S. Levytskyi, 
“Simulation studies of CdTe pixel detectors,” in 2008 IEEE Nuclear Science 
Symposium Conference Record, 2008, pp. 269–271. 
[62] M. M. S. Ali H Reshak, “Drift and Diffusion Component Studies in CdTe 
Structure for Photovoltaic Application,” Int. J. Electrochem. Sci., 2014. 
[63] A. Picos-Vega, M. Becerril, O. Zelaya-Angel, R. Ramı́rez-Bon, F. J. Espinoza-
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